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The basal body is a microtubule-organizing center responsible for nucleating the cilium, a 
cellular structure important for a wide variety of cellular functions such as cell locomotion and 
sensing the surrounding environment. Defects in basal body function have been implicated in a 
number of human diseases such as polycystic kidney disease. Centrins are a ubiquitous family 
of small Ca2+ binding proteins at basal bodies. Structurally, they consist of two domains tethered 
by a short linker with each domain containing a pair of EF hands, a Ca2+ binding motif. Centrins 
are grouped into two groups based on sequence similarity to the human centrins, centrin 2 and 
centrin 3, and analyses of components that make up basal bodies in different species suggest 
that they contain a centrin isoform from each group. The functions and modes of actions for 
centrins are poorly understood despite their wide spread conservation at basal bodies across 
species. Key questions about centrins revolve around on what the functions of the two groups 
and are the two groups distinct, meaning do basal bodies require both centrin isoforms to 
function correctly. The ciliate protist Tetrahymena thermophila was used as a system to study 
centrin function at basal bodies. Tetrahymena contains two centrins at basal bodies, Cen1, the 
human centrin 2 homolog, and Cen2, the human centrin 3 homologue. Here, I have shown that 
both Cen1 and Cen2 function in basal body maintenance, orientation and separation. However, 
subsequent experiments have shown that the two proteins are quite distinct from each other, 
meaning that basal bodies require both centrin isoforms to function properly. I have further 
analyzed the roles of centrins’ domains and found out that they are, too, distinct. The N-terminal 
domain is involved in basal body orientation whereas the C-terminal domain is involved in 
protein localization and maintenance.  
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CHAPTER 1: Introduction. 
 
THE BASAL BODY. 
 The basal body is a cellular organelle that serves as a microtubule organizing center that 
nucleates and organizes the ciliary axoneme and anchors it at the surface of a cell (Figure 1-1). 
Cilia are microtubule-based appendages that project outwards from a basal body at the cell 
surface and can be divided into two classes: motile and immotile cilia (Badano et al., 2006; 
Marshall and Nonaka, 2006). Motile cilia are able to generate a sweeping motion that is 
important for cell locomotion or fluid flow. Immotile cilia are unable to generate any type of 
movement and play key roles in mechanosensory, chemical sensory, or photosensory functions. 
Specialized cells involved in these sensory functions have a single immotile cilium called the 
primary cilium (Badano et al., 2006). 
A basal body is absolutely necessary to form a cilium and defects associated with basal 
body and/or ciliary structure or function are the cause for several known human diseases that 
are now known as ciliopathies. Symptoms associated with ciliopathies are diverse, ranging from 
kidney cysts to obesity, altered body asymmetry, and mucus clearance defects (Badano et al., 
2006). The pleiotropic characteristics of ciliopathies and the fact that basal bodies and cilia are 
widely found in eukaryotes, except for yeast and higher end plants, highlight their importance for 
correct cell function (Badano et al., 2006; Marshall and Nonaka, 2006); however, the molecular 
mechanisms behind the assembly and maintenance of these structures are not well understood. 
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Figure 1-1. The basal body and its domains. The schematic on the left shows basal bodies 
(green) nucleating cilia (blue). The electron micrograph on the right shows a basal body and its 
domains from a longitudinal view. The electron micrograph at the bottom shows the cartwheel 
structure of a basal body. 
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 The basal body is well studied from a morphological perspective. It is a cylindrical 
structure whose walls are composed of an array of nine microtubule triplets, giving it nine-fold 
symmetry (Allen, 1969; Dawe et al., 2007; Pearson and Winey, 2009; Wolfe, 1970). Electron 
microscopy and proteomic studies of the basal body have identified several domains that make 
up the structure (Figure 1-1) (Kilburn et al., 2007). In addition to the core microtubule walls, a 
structure called the cartwheel can be found at the proximal end of the basal body. The 
cartwheel comprises an array of nine spokes originating from a central hub and at the end of 
each spoke is a microtubule triplet. This structure is believed to be important in providing a 
template to assemble the basal body and establishing its nine-fold symmetry (Gavin, 1984; 
Strnad and Gonczy, 2008). At the distal end of the basal body is a region called the transition 
zone which marks the transition from the microtubule triplets of the basal body to the 
microtubule doublets of the axoneme (Marshall and Nonaka, 2006). At the proximal end of the 
basal body, outside of the walls, is a protein dense region called the site of assembly. This 
region contains several core basal body components and is where new basal body assembly is 
initiated and separates from the mature basal body and migrates towards the surface of the cell 
(Allen, 1969; Kilburn et al., 2007).  
 The vertebrate basal body is surrounded by three accessory structures (Carvalho-
Santos et al., 2011; Seeley and Nachury, 2010). At the proximal end of the basal body, a 
striated structure called the rootlet extends away from the basal body and is believed to be 
involved in the positioning and attachment of the basal body to the cell’s cytoskeleton (Seeley 
and Nachury, 2010). At the distal end are the transition fibers which may play a role in the 
attachment of the basal body to the plasma membrane and/or regulating the transition zone 
(Seeley and Nachury, 2010). The final accessory structure is the basal foot which is a conical 
structure attached at one side of the basal body (Carvalho-Santos et al., 2011; Seeley and 
Nachury, 2010). The basal foot appears to be involved in dictating the rotational orientation of 
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the basal body and the direction of the beat of the basal body’s cilium (Mirzadeh et al., 2010; 
Mitchell et al., 2007). The basal foot appears to be important for ciliogenesis for cells that lack a 
basal foot are unable to generate a primary cilium (Ishikawa et al., 2005). The orientation of the 
basal body is especially important for specialized cell functions. For example, basal bodies in 
the multiciliated cells of the oviduct epithelium are specifically orientated to produce directional 
fluid flow that transports the egg from the ovaries to the uterus (Marshall and Kintner, 2008). 
Likewise, the maintenance of the basal body is important, and an incorrectly maintained basal 
body will likely disrupt its specialized functions. The role of its components in assembling and 
maintaining the structure and its orientation are poorly understood.	   
 The importance of the basal body is further highlighted by its close relationship to the 
centrioles found in the centrosome, which is involved in forming and organizing the mitotic 
spindle (Bornens and Azimzadeh, 2007). Like a basal body, a centriole is cylindrical in shape 
and contains nine-microtubule triplets, giving it nine-fold symmetry. The two structures can be 
considered to be identical because it has been shown in some cell types that the centriole can 
migrate to the plasma membrane where it becomes a basal body and nucleates a primary cilium 
(Badano et al., 2006; Bornens and Azimzadeh, 2007; Marshall and Nonaka, 2006). 
Furthermore, proteomic studies on the two structures show that they share many of the same 
components (Andersen et al., 2003; Keller et al., 2005; Kilburn et al., 2007; Liu et al., 2007).  
 
CENTRINS ARE CONSERVED BASAL BODY COMPONENTS. 
Comparative genomic and proteomic studies on basal body and centriole composition 
from a wide variety of species show that a small (~20 kDa) Ca2+ binding protein called centrin 
(also known as caltractin) is a widely conserved component (Andersen et al., 2003; Carvalho-
Santos et al., 2011; Hodges et al., 2010; Keller et al., 2005; Kilburn et al., 2007; Liu et al., 2007). 
The localization of centrins to the basal body and centriole seems to be well conserved with 
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Figure 1-2. Centrins are conserved basal body components. (A) Schematic showing the 
general structural features in centrins.  Hatched box, N-terminal tail; White boxes, EF hands; 
Gray boxes, regions between EF hands; Black box, C-terminal tail. (B) Tree showing the two 
centrin groups based on homology to the human centrins 2 and 3. cr, Chlamydomonas 
reinhardtii; dr, Danio rerio; hs, Homo sapiens; mm, Mus musculus; ng, Naegleria gruberi; pt, 
Paramecium tetraurelia; sc; Saccharomyces cerevisiae; tt, Tetrahymena thermophila; xl, 
Xenopus laevis.  
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localization observed at the distal end and sites of new basal body/centriole assembly (Geimer 
and Melkonian, 2005; Kilburn et al., 2007; Laoukili et al., 2000; Sanders and Salisbury, 1994; 
Stemm-Wolf et al., 2005). The structure of centrins shows a striking resemblance to calmodulin, 
a well-characterized Ca2+ sensor involved in numerous cellular functions (Chin and Means, 
2000; Ivanovska and Rose, 2001). The two proteins consist of two independent domains 
tethered by a short linker with each domain containing two EF hands, a Ca2+ binding motif 
composed of an alpha helix-loop-alpha helix structural unit (Figure 1-2A) (Hu and Chazin, 2003; 
Li et al., 2006; Matei et al., 2003; Thompson et al., 2006; Veeraraghavan et al., 2002; Yang et 
al., 2005). The EF hands have been numbered, with one and two in the N-terminal domain 
(NTD) and three and four in the C-terminal domain (CTD). Thus, centrin has four potential Ca2+ 
binding sites. Centrin differs from calmodulin in that the start of the NTD has a long tail 
containing up to 20 residues with many of them positively charged (Li et al., 2006). The function 
of this tail is unknown but appears to be necessary for proper centrin function (Vonderfecht et 
al., 2011). 
Alignments of centrins from a wide range of different species show that centrins 
separated into two distinct groups (Figure 1-2B). These two groups are described based on 
where the human centrin 2 and centrin 3 are. Despite this separation, the two groups share a 
high degree of sequence similarity (74.4% for the human centrins 2 and 3). Analyses of 
components that make up centrioles or basal bodies in different species suggest that they 
contain a centrin isoform from each group (Andersen et al., 2003; Keller et al., 2005; Kilburn et 
al., 2007; Liu et al., 2007). Vertebrates have several isoforms belonging to the human centrin 2 
group with one that appears to be ubiquitously expressed and the others expressed only in 
ciliated cells (Laoukili et al., 2000; Wolfrum and Salisbury, 1998). As of yet, the majority of 
studies on centrin function has focused on those belonging to the human centrin 2 group. So, it 
is unclear whether or not the two groups have any degree of redundancy. The budding yeast 
has only one centrin isoform (Cdc31p – a human centrin 3 homologue); however, the spindle 
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pole body, the microtubule organizing center in yeast, has no structural similarity to a basal 
body or centriole (Jaspersen and Winey, 2004), suggesting that having the two centrin isoforms 
at basal bodies or centrioles has been conserved throughout evolution and that there is no 
shared redundancy.   
  
Vertebrate Centrins. 
The role of centrins at vertebrate centrioles has been extensively studied. It was first 
reported that depletion of human centrin 2 in HeLa cells by RNAi inhibited new centriole 
assembly. The progressive loss of centrioles appeared to lead to mitotic spindle and cytokinesis 
defects (Salisbury et al., 2002). This was a surprising result since it had been shown that cells 
lacking centrioles are able to form a mitotic spindle and complete cytokinesis (Basto et al., 
2006). However, subsequent studies examining centrin’s function have shown that they are not 
necessary for centriole assembly. In vivo assays in which centrioles are overly amplified have 
been used to identify proteins required for centriole assembly. The depletion of human centrins 
2 and 3 in these assays had no effect on the process, suggesting that centrins are not required 
for centriole assembly (Kleylein-Sohn et al., 2007; Strnad et al., 2007). Furthermore, the 
experiment to study the effect of depleting human centrin 2 in HeLa cells has been faithfully 
replicated. The findings from this showed that the depletion had no effect on centriole assembly. 
Instead, it was found out that the depletion of centrin 2 delayed the incorporation of several 
centriolar components. It was also discovered that the overexpression of human centrin 2 led to 
the overproduction of centrioles (Yang et al., 2010). The final confirmation to show that centrins 
are not necessary for centriole assembly came from the hyperrecombinogenic chicken DT40 
cell line in which all three centrin genes had been deleted. This centrin-deficient cell line had no 
observable defects in centriole structure and function and was able to undergo normal cell 
division (Dantas et al., 2011). The body of evidence from studies examining the role of 
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vertebrate centrins at centrioles suggests that they may play a role in regulating the rate of 
centriole assembly but are not required for completing centriole assembly. 
Since centrins are not required for centriole assembly, it is very surprising that centrin 
knockout mouse embryos die due to early stage developmental defects (Trojan et al., 2008). 
This suggests that centrins have an essential role in vertebrate embryo development. A large 
number of ciliopathies have developmental defects as one of their symptoms. The reason 
behind this is because cilia have very important roles in regulating the development of an 
embryo (Badano et al., 2006). Thus, it is possible that the lethality seen in centrin knockout 
mouse embryos is due to defects at the basal body and/or cilium. This scenario is certainly 
plausible since morpholinos that deplete the zebra fish centrin 2 lead to embryo development 
defects commonly associated with ciliopathies such as cysts in the developing kidneys (Delaval 
et al., 2011). The function of centrins at vertebrate basal bodies has not been closely studied 
but it appears that they have an important role in ciliogenesis. The human RPE1 cell line is able 
to form primary cilia upon serum starvation. During ciliogenesis in RPE1 cells, the mother 
centriole migrates towards the plasma membrane and nucleates a primary cilium (Tucker et al., 
1979; Vorobjev and YuS, 1982). Knockdown of several centriolar genes by RNAi have identified 
several genes that are required for this process, including the human centrins 2 and 3 (Graser 
et al., 2007). Furthermore, it has been observed that centrins 2 is upregulated during 
ciliogenesis in human epithelial tissue cultures, suggesting that centrins are necessary for this 
process (LeDizet et al., 1998). How centrins are involved in this process and the regulation of 
basal body function remains to be understood but studies of centrin function in ciliated single-
cell organisms have been very informative. 
   
Chlamydomonas Centrins. 
 Chlamydomonas reinhardtii is a single celled green alga that has two basal bodies that 
each nucleate a flagellum, a longer version of the cilium (Harris, 2001; Lefebvre and Silflow, 
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1999). As the cells undergo cell division, a daughter basal body is assembled at an orthogonal 
position from the parent and the pairs migrate towards the nucleus where they form the mitotic 
spindle. When cell division is complete, each cell has two basal bodies: a daughter and a parent 
(Wright et al., 1989). Chlamydomonas has two centrin isoforms, Vfl2, the human centrin 2 
homologue, and Poc6, the human centrin 3 homologue (Keller et al., 2005). Vfl2 has been 
extensively studied at the Chlamydomanas basal body whereas Poc6 has not been studied at 
all. Vfl2 forms a continuous filamentous scaffold that extends from the basal bodies to the 
nucleus (Geimer and Melkonian, 2005). It is believe that this scaffold is involved in migrating the 
basal bodies to the nucleus during mitosis where they participate in forming the mitotic spindle 
(Geimer and Melkonian, 2005; Wright et al., 1989). The Vfl2 mutant, vfl2, contains a D to K 
mutation at the first residue of the first helix of the third EF hand. The mutant protein is able to 
localize to basal bodies but not to the scaffold that extends from the basal body to the nucleus. 
The resulting phenotype from this mutation is a variable number of flagella on the cells and 
defects in the segregation of basal bodies into daughter cells at mitosis (Taillon et al., 1992). 
This suggest that the scaffold connecting the basal body to the nucleus is important for ensuring 
that the daughter cells each get a pair of basal bodies and that centrin plays a role in this in 
Chlamydomonas. Knockdown of Vfl2 levels by RNAi leads to defects in basal body attachment 
to the plasma membrane and a loss of basal bodies due to assembly defects which then results 
in a variable number of flagella in the cells. These primary defects at the basal body leads to 
secondary defects such as multinucleate cells which is a result of cells not being able to 
properly form the mitotic spindle due to the depletion of basal bodies (Koblenz et al., 2003). The 
data suggests that centrin is important for basal body assembly and attachment to the plasma 
membrane and forming a proper mitotic spindle in Chlamydomonas. 
   
Budding Yeast Centrin. 
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 Saccharomyces cerevisiae, or the budding yeast, does not have basal bodies or 
centrioles. Instead, their single microtubule-organizing center is called the spindle pole body 
(SPB) and is involved in forming the mitotic spindle (Jaspersen and Winey, 2004). The SPB 
structure is composed of three plagues, or disks: an outer plague that faces the cytoplasm and 
nucleates the cytoplasmic microtubules, an inner plague that faces the nucleoplasm and 
nucleates the nuclear microtubules, and a central plague that is associated with the nuclear 
membrane. A dense region is associated to one side of the central plague and is called the half-
bridge. At the other end of the half bridge is where new SPB assembly occurs and eventually 
separates from the parent SPB (Jaspersen and Winey, 2004). Thus, the SPB is structurally 
different than a basal body; however, the two share several similar components, including 
centrin. The budding yeast has only one centrin isoform, Cdc31p, a human centrin 3 
homologue, and is found at the cytoplasmic side of the half-bridge (Jaspersen and Winey, 2004; 
Spang et al., 1993). Temperature sensitive cdc31 mutants are unable to form a new SPB and 
arrest at G2/M with a single large SPB, suggesting that Cdc31p is required for new SPB 
assembly in budding yeast (Baum et al., 1986; Hartwell et al., 1973).  
 A temperature sensitive mutagenesis screen identified several residues critical for 
Cdc31p function (Ivanovska and Rose, 2001). Interestingly, the screen showed that the majority 
of these residues were concentrated in the CTD. Furthermore, many of these mutant alleles 
resulted in protein mislocalization, leading to cell arrest at G2/M (Ivanovska and Rose, 2001). A 
few alleles essential for Cdc31p function were identified in the NTD of the protein; however, 
none of the mutant alleles affected protein localization (Ivanovska and Rose, 2001). The data 
from this screen suggest that the NTD and CTD of Cdc31p have distinct functions, with the CTD 
involved in protein localization.  
  
Paramecium Centrins. 
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Paramecium tetraurelia is a single-cell ciliated protist that contains about 4,000 basal 
bodies. Their basal bodies are organized into two major populations: the cortical rows, which 
run the length of the cell and nucleate cilia for cell locomotion, and the oral apparatus which is a 
highly organized structure containing 1,000 basal bodies that acts as a feeding structure 
(Pearson and Winey, 2009). The cortical row basal bodies are morphologically similar to 
vertebrate basal bodies except they contain different accessory structures. They contain a 
striated rootlet called a kinetodesmal fiber that is positioned at the proximal-anterior end of the 
basal body and extends away from the basal body, pointing towards the anterior end of the cell. 
The basal bodies also contain two sets of microtubules uniformly positioned at the posterior 
(postciliary microtubules) and at the side (transverse microtubules). It is unknown what the 
functions of these accessory stuctures are but they may play a role in the basal body positioning 
to form the well-organized cortical rows (Pearson and Winey, 2009). 
Paramecium basal bodies contain four different centrins, PtCen2a, ptCen2b, ptCen3a, 
and ptCen3b. PtCen2a/b belong to the human centrin 2 group and PtCen3a/b are in the human 
centrin 3 group. It is likely that the reason Paramecium contains two centrins genes in each 
group is due to a recent Paramecium genome duplication event (Ruiz et al., 2005). Paramecium 
contains other centrins that are not involved in basal body processes. Instead, they are found at 
a contractile network that surrounds the cell called the infraciliary lattice. The function of this 
network is unknown but it appears not to be related to basal body function (Gogendeau et al., 
2008; Madeddu et al., 1996). 
Depletion of the Paramecium basal body centrins by RNAi leads to cell cycle arrest. The 
cells are able to assemble new basal bodies but they become internalized within the cell. This 
leads to a progressive loss of basal bodies from the cortical rows (Ruiz et al., 2005). Electron 
microscopy of cells depleted for PtCen2a/b show that the proper positioning of a new basal 
body assembled from its parent is disrupted. Instead of having a developing basal body in an 
orthogonal position with its distal end facing the anterior end of the cell like in wild-type cells, 
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cells depleted for PtCen2a/b have the distal ends of their developing basal bodies pointing in all 
directions. The improper orientations of the developing basal bodies leads to their internalization 
(Ruiz et al., 2005). Depletion of PtCen3a/b leads to a different defect but with the same 
outcome: internalized basal bodies. The depletion of PtCen3a/b leads to a newly assembled 
basal body unable to separate from its parent, causing it to be internalized (Ruiz et al., 2005). 
The centrin depletion data suggests that centrins are involved in basal body orientation and 
separation and that the two centrin groups may have distinct functions. 
 
Tetrahymena Centrins. 
 Tetrahymena thermophila is also a single cell ciliated protist. It contains fewer basal 
bodies than Paramecium with about 750 basal bodies and are also organized into two major 
populations: the cortical rows and the oral apparatus. The basal body accessory structures are 
the same as those found in Paramecium (Pearson and Winey, 2009). 
The Tetrahymena genome shows that it contains at least four centrins; however, only 
two of those share homology with the human centrins (Stemm-Wolf et al., 2005). The 
Tetrahymena centrin 1 (Cen1) is a human centrin 2 homologue, and the Tetrahymena centrin 2 
(Cen2) is the human centrin 3 homologue. Tagged alleles of these centrins show basal body 
localization in the cortical rows and oral apparatus, indicating that they are basal body proteins 
(Stemm-Wolf et al., 2005). They were further confirmed as basal body proteins when they both 
were identified in the Tetrahymena basal body proteome (Kilburn et al., 2007). However, the 
expression of CEN2 has not been detected by Northern blots, suggesting that it may be 
expressed at low levels (Stemm-Wolf et al., 2005). The other known Tetrahymena centrins, 
centrin 3 and centrin 4, are not found at the basal bodies in the cortical rows and oral apparatus. 
Instead, centrin 3 localized to the oral apparatus membranelles and the apical tip (Stemm-Wolf 
et al., 2005), which is thought to be analogous to the Paramecium infracilary lattice (A.J. 
Stemm-Wolf, personal communication). Centrin 4 localization was observed at the oral 
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apparatus membranelles and the contractile vacuole pores (Stemm-Wolf et al., 2005). The 
structures where centrins 3 and 4 are found do not contain basal bodies (Frankel, 2000). Thus, 
it appears that the ciliates Tetrahymena and Paramecium have highly divergent centrins that are 
unrelated to basal body function and are involved in contractility structures such as the 
Paramecium infraciliary lattice or the contractile vacuoles in Tetrahymena.  
Like the vertebrate centrins, the human centrin 2 homologue, Cen1, has been main 
focus of studies in Tetrahymena. Cen1 localizes to the distal end at the basal body, near or at 
the transition zone, the midzone, and the site of new assembly (Stemm-Wolf et al., 2005). The 
fact that Cen1 localizes to three different domains within the basal body suggests that it has 
different functions. This is further supported by analysis on the CEN1 deletion strain. Cells 
lacking CEN1 eventually die due to what appears to be a loss of basal bodies, suggesting that 
Cen1 is critical for basal body biogenesis (Stemm-Wolf et al., 2005). Further examination of the 
basal body phenotypes in the CEN1 deletion strain showed that cells without Cen1 continue to 
lose basal bodies over a period of time and was unable to fill their cortical rows, suggesting a 
defect in the assembly of new basal bodies (Stemm-Wolf et al., 2005). Most of the existing 
basal bodies in the CEN1 deletion strain were often structurally incomplete and without cilia. 
Basal bodies that had higher levels of Cen1 appeared to be better preserved than those without 
or lower levels of Cen1 (Stemm-Wolf et al., 2005). Thus, the analysis of the CEN1 deletion 
strain suggests that Cen1 is important for basal body assembly and maintenance.  
 
Non –Centriole and –Basal Body Functions. 
 The majority of cellular centrin in human cells is not associated with basal bodies or 
centrioles (Paoletti et al., 1996), suggesting that centrins have functions not associated with 
microtubule organizing centers. Indeed, it has been shown that centrins function in mRNA and 
protein export in yeast and vertebrate cells (Fischer et al., 2004; Resendes et al., 2008). 
Furthermore, vertebrate centrin has been shown to be associated with nucleoporins in the 
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nuclear pore complex where it likely functions in mRNA and protein export (Resendes et al., 
2008).  
 Centrin has also been implicated in nucleotide excision repair (Nishi et al., 2005), which 
is a DNA repair process that repairs DNA damaged by UV light by removing base lesions from 
DNA (Friedberg, 2001). The yeast, human, and Xenopus lavis centrins have been shown to 
interact with xeroderma pigmentosum group C (XPC), a known component of the DNA repair 
machinery. It is thought that centrin helps stabilize interactions of XPC with other components of 
the DNA repair machinery (Nishi et al., 2005; Renaud et al., 2011; Thompson et al., 2006).  
 The hyperrecombinogenic chicken DT40 cell line in which all three centrin genes are 
deleted displays normal centrosome biology but has defective nucleotide excision repair 
(Dantas et al., 2011). This suggests that the primary function of centrins may not be in centriole 
biogenesis but, instead, in nucleotide repair. Furthermore, depletion of centrins in human cells 
does not block centriole assembly (Kleylein-Sohn et al., 2007; Strnad et al., 2007; Yang et al., 
2010). However, depletion does delay the incorporation of centriolar components during 
centriole assembly (Yang et al., 2010). This suggests that centrins may control the rate of 
centriole assembly. In developing embryos where cells are rapidly dividing (Edgar and O'Farrell, 
1989), the ability to control the rate of centriole assembly is likely important. The ability to control 
the rate of centriole assembly is also likely important for forming multiple basal bodies during 
ciliogenesis in multiciliated cells. This notion is further supported by the fact that centrins are 
required for ciliogenesis in many single cell model organisms such as Tetrahymena and 
Paramecium (Ruiz et al., 2005; Stemm-Wolf et al., 2005).   
 
Post-translational modifications. 
 The human centrin 2 has been shown to be phosphorylated by the kinases Mps1 and 
Aurora A (Lukasiewicz et al., 2011; Yang et al., 2010). Both of these kinases have been shown 
to regulate centrosome assembly, and their ectopic expression leads to centrosome over 
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amplification (Fukasawa et al., 1996; Kasbek et al., 2007). Aurora A likely phosphorylates 
human centrin 2 at residue 170 which is a serine localized towards the very end of the protein, 
after its fourth EF hand. Overexpression of Aurora A leads to increased levels of human centrin 
2 containing a phosphorylated S170 and overproduction of centrosomes. Overexpression of 
human centrin 2 with a S170D mutation, a phosphomimic, also leads to centrosome 
overproduction (Lukasiewicz et al., 2011). Comparisons between wildtype centrin and the 
phosophmimic mutant protein showed that the mutation increases the stability of the protein by 
protecting it from proteasomal degradation (Lukasiewicz et al., 2011). Thus, it appears that 
phosphorylation of human centrin 2 by Aurora A regulates its stability and, consequently, its 
effect on centrosome assembly.  
 The kinase Mps1 phosphorylates human centrin 2 at three threonine residues: T45 and 
T47, which are within the first EF hand, and T118, which is in the third EF hand. 
Phosphorylation of these three sites is required to drive Mps1-dependent centriole 
overproduction (Yang et al., 2010). The human centrin 2-dependent centriole/centrosome 
overproduction is a surprising result because it has been shown that human centrin 2 is not 
required for centriole assembly (Kleylein-Sohn et al., 2007; Strnad et al., 2007; Yang et al., 
2010). However, it has been shown that the incorporation of centriole components are delayed 
in human centrin 2-depleted cells (Yang et al., 2010). All of this suggests that human centrin 2 
can function in determining in the rate of centriole assembly, and it appears that phosphorylation 
by Aurora A and Mps1 plays a role in this. It is unknown how Aurora A and Mps1 coordinate 
with each other to drive centriole/centrosome assembly via phosphorylation of human centrin 2. 
 Several phosphorylation sites have been identified in Cdc31p, the yeast centrin. Residue 
T110 has been shown to be phosphorylated by Mps1 (Araki et al., 2010; Breitkreutz et al., 
2010). This residue is at the equivalent position as the human centrin T118 residue that is also 
phosphorylated by Mps1 (Yang et al., 2010). It is unclear how phosphorylation of T110 affects 
SPB assembly; however, it appears to mediate interactions with Kar1, a yeast specific protein 
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that functions in SPB assembly (Araki et al., 2010; Breitkreutz et al., 2010). The S6 and S7 
residues of N-terminal tail of Cdc31p are phosphorylated only during the mitotic phase of the 
cell cycle (Keck et al., 2011). Residues T128 and T130 at the short linker between the third and 
fourth EF hands and residue S161 at the end of the protein have also been shown to be 
phosphorylated (Keck et al., 2011). It is not known yet how phosphorylation of these residues 
affects Cdc31p function. 
 The human centrin 2 has also been shown to be SUMOylated by SUMO2/3. Blocking 
SUMOylation of human centrin 2 blocks its nuclear localization, leading to accumulation of the 
protein in the cytoplasm. Further experiments have shown that SUMOylation mediates the 
binding of human centrin 2 to XPC, which then shuttles human centrin 2 in and out of the 
nucleus. Thus, the SUMOylation pathway influences human centrin 2’s role in the DNA repair 
pathway (Klein and Nigg, 2009; Tanaka et al., 2010). The centrosomal recruitment of human 
centrin is unaffected when SUMOylation is blocked.  
 
Ca2+ and Centrins. 
 The Ca2+ binding EF hands are defining motifs of centrins. Like most EF hands, Ca2+ 
binding induces a shift from a closed confirmation to an open confirmation in centrin (Hu et al., 
2004; Veeraraghavan et al., 2002). In vitro studies on the human centrin 2 and the 
Chlamydomonas centrin have shown that the two domains of centrin have different Ca2+ 
affinities, with the CTD having a higher affinity for Ca2+ than the NTD (Matei et al., 2003; 
Veeraraghavan et al., 2002). This suggests that the two domains may have distinct functions. 
Further in vitro studies indicate that the affinity of human centrin 2 for its binding partner, Sfi1, 
increases in the presence of Ca2+ (Martinez-Sanz et al., 2010). It has been similarly observed 
that the affinity of Cdc31, the yeast centrin, for Kar1 increases in the presence of Ca2+ (Geier et 
al., 1996; Veeraraghavan et al., 2002). It appears that Ca2+ binding to the third and fourth EF 
hands of the CTD are required for substrate binding for mutations to both of these EF hands 
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decrease Cdc31’s affinity for Kar1 (Geier et al., 1996). Furthermore, mutating the fourth EF 
hand of human centrin 3 prevents the mutant protein from localizing to centrioles (Middendorp 
et al., 2000a). Thus, the CTD and Ca2+ may be important for protein localization, and this notion 
is supported by data showing that the CTD of the human centrin 2 localizes to centrioles (Gavet 
et al., 2003). 
 The function of centrin’s NTD and how it is influenced by Ca2+ is not well understood. It 
is quite clear that both the NTD and Ca2+ are necessary for correct centrin function since 
Cdc31p containing a first EF hand mutation is unable to rescue the cdc31-null lethal phenotype 
(Geier et al., 1996). It has been observed that the NTD of human centrin 2 is responsible for 
inducing the self-assembly of the proteins in the presence of Ca2+ (Tourbez et al., 2004; Yang et 
al., 2005). It is not known how this influences centrin’s function, but the overall body of data 
suggests that the two domains have distinct functions based on their response to Ca2+ and that 
Ca2+ has a critical role in regulating centrin function. 
 
OUTSTANDING QUESTIONS ABOUT CENTRINS AT THE BASAL BODY. 
Centrins have been identified as a basal body component more than twenty years ago 
(Salisbury et al., 1984); however, their functions there are poorly understood, especially in 
vertebrates. It is clear that centrins regulate the rate of centriole assembly (Lukasiewicz et al., 
2011; Yang et al., 2010), and this may be true for basal body assembly; however, this has not 
been shown yet. Given the importance of the basal body in development and cellular signaling 
in vertebrates (Badano et al., 2006), a careful analysis of the function of centrin and its mode of 
action at the basal body is necessary. 
The structure of centrin raises several intriguing questions about its function. The 
domain nature of centrins with each domain having differing affinities for Ca2+ suggests that the 
two domains have different functions (Matei et al., 2003; Veeraraghavan et al., 2002; Yang et 
al., 2005). This notion is supported by several in vitro studies which suggest that the CTD is 
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important for ligand binding and localization (Hu and Chazin, 2003; Martinez-Sanz et al., 2010). 
This hypothesis is also supported by data showing that the self-association of centrins is driven 
by the NTD (Tourbez et al., 2004; Yang et al., 2005). Furthermore, the fact that the two domains 
have different affinities for Ca2+ suggests that Ca2+ may have an important role in regulating 
centrin function (Matei et al., 2003; Veeraraghavan et al., 2002; Yang et al., 2005). How the 
domains and Ca2+ are involved in basal body function is not yet known, and in vivo experiments 
are needed to elucidate these functions. 
The separation of the centrin family into two groups also raises many interesting 
questions. It is unclear whether or not the two groups have distinct functions or if they are 
redundant because the vast majority of centrin studies have focused on the human centrin 2 
group. A wide range of model organisms used to study basal bodies contain genes that encode 
centrins from each group, suggesting that there is an evolutionary requirement for centrin 
isoforms from both groups at basal bodies. Further supporting this notion is the centrin 
knockdown studies in Paramecium. Thus far, Paramecium is the only system where both centrin 
isoforms have been knocked down individually to study their roles at basal bodies, and the 
results show that the knockdowns lead to different primary defects (Ruiz et al., 2005). This 
indicates that the two groups may have distinct functions; however, it has not been shown 
experimentally if the two groups act redundantly, meaning that one can function in place of the 
other.  
This dissertation describes the use of Tetrahymena as a model system to answer these 
outstanding questions about centrin function. Tetrahymena is an extraordinary powerful system 
to study basal body biology. As described previously, Tetrahymena is a single cell ciliated protist 
that contains about 750 basal bodies (Pearson and Winey, 2009). These hardy cells are 
genetically malleable, providing the opportunity to generate strains containing tagged alleles, 
mutated alleles, or null alleles (Pearson and Winey, 2009). Basal bodies in these organisms are 
specifically and carefully orientated in several rows of basal bodies that run along the 
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anterior-proximal axis of the cell (Figure 1-3) (Frankel, 2000; Pearson and Winey, 2009). 
Altering the function of a basal body component that leads to aberrations in basal body 
orientation can be readily observed and reveal new information about the protein’s function. The 
Tetrahymena basal body proteome shows that it contains many of the same components found 
in vertebrate basal bodies and centrioles suggesting that fundamental aspects of basal body 
biology have been conserved. It also shows that Tetrahymena basal bodies contain two 
centrins: Cen1 and Cen2 (Kilburn et al., 2007). Cen1 is the human centrin 2 homologue 
whereas Cen2 is a member of the human centrin 3 group. 
Tetrahymena was utilized to determine the functions of Cen1 and Cen2 at basal bodies 
and whether or not they are redundant. The data from the experiments outlined in the data 
chapters show that Cen1 and Cen2 have similar functions in basal body orientation, separation, 
and maintenance, but are not redundant, making it clear that basal bodies require a centrin from 
each group and that one group cannot function in place of the other. 
  
	   20 
Figure 1-3. Basal bodies in Tetrahymena are highly organized. (A) Basal bodies in 
Tetrahymena are organized in the oral apparatus, a feeding structure of the cell, and the cortical 
rows. Red, Centrin; Green, Sas6a (basal body and kinetodesmal (KD) fiber marker). (B) 
Electron micrograph showing three basal bodies and their accessory structures in a cortical row. 
(C) Schematic showing a basal body and its accessory structures. 
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CHAPTER 2: Tetrahymena Centrin 1 function requires both domains and Ca2+.1 
 
INTRODUCTION. 
Proteomic analyses of isolated centrioles or basal bodies from various organisms show 
that the small Ca2+-binding protein centrin is a widely conserved component (Andersen et al., 
2003; Keller et al., 2005; Kilburn et al., 2007; Liu et al., 2007). The structure of centrin is 
composed of two domains connected by a short linker. The domains are independent of each 
other, meaning that one domain can fold correctly in the absence of the other. Each domain 
contains a pair of EF hands, a Ca2+-binding motif (Figure 1-1) (Hu and Chazin, 2003; Li et al., 
2006; Matei et al., 2003; Veeraraghavan et al., 2002; Yang et al., 2005). An EF hand consists of 
an α-helix–loop–α-helix structural unit, with Ca2+ binding occurring within the loop region (Gifford 
et al., 2007). The EF hands have been numbered, with one and two in the N-terminal domain 
and three and four in the C-terminal domain. At the beginning of the N-terminal domain is a long 
tail (containing up to 20 residues) of unknown function but appears to be necessary for correct 
centrin function (Li et al., 2006; Vonderfecht et al., 2011).  
Analyses of centrin function in humans, Chlamydomonas, Paramecium, and 
Tetrahymena suggest that it is involved in basal body or centriole assembly and/or stability;  
____________________ 
 1 The work in this chapter was published in Vonderfecht, T., Stemm-Wolf, A.J., Hendershott, M., Giddings, 
T.H., Meehl, J.B., and Winey, M. (2011). The two domains of centrin have distinct basal body functions in 
Tetrahymena. Molecular Biology of the Cell 22, 2221-2234. 
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(Koblenz et al., 2003; Ruiz et al., 2005; Salisbury et al., 2002; Spang et al., 1993; Stemm-Wolf 
et al., 2005; Yang et al., 2010) however, its function and mode of action is not well 
characterized. The role of Ca2+ is also not completely understood, but in vitro experiments 
suggest that it regulates interactions with binding partners (Geier et al., 1996; Hu et al., 2004; 
Martinez-Sanz et al., 2010; Martinez-Sanz et al., 2006). Experiments in Chlamydomonas also 
suggest that Ca2+ regulates the contractility of the centrin-containing filament that connects the 
basal bodies to the nucleus, suggesting that centrin plays a role in this (Geimer and Melkonian, 
2005). 
Because of the domain nature of centrin, I wanted to ascertain whether or not one 
domain alone was sufficient to perform centrin function. Also, since the EF hands are defining 
motifs for centrins, I wanted to determine what effect mutating the Ca2+ binding sites would have 
on centrin function. To answer these questions, I utilized the ciliate protist Tetrahymena as a 
model for basal body biology. The Tetrahymena centrin 1 (Cen1), a human centrin 2 
homologue, is a component of basal bodies. A cen1 deletion allele is lethal due to defects in 
basal body assembly and maintenance (Stemm-Wolf et al., 2005). Immunoelectron microscopy 
shows that Cen1 localizes to the site of new assembly, the transition zone, and the midzone of 
the basal body (Stemm-Wolf et al., 2005). I utilized a mutagenic strategy to analyze the 
essential nature of the Cen1 domains and its EF hands. Through this approach, I found that the 
individual domains of Cen1 alone are not sufficient to perform Cen1 function and that Ca2+ is 
necessary for proper Cen1 function. 
 
MATERIALS AND METHODS. 
Strains and culture conditions. 
The CEN1 knockout heterokaryon T. thermophila strains UCB8 and UCB9 were used to 
generate the cen1 null allele (cen1Δ) (see later discussion). The wild-type B2086 strain 
(Tetrahymena Stock Center, Cornell University, Ithaca, NY) was also used in this study. 
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Cultures were grown in SPP media (2% proteose peptone, 0.1% yeast extract, 0.2% glucose, 
0.003% FeEDTA) at 30 or 38°C, depending on the experiment. For starvation experiments, cells 
were grown in SPP to mid-log phase, washed, and resuspended in 10 mM Tris, pH 7.5, at 30 or 
38°C. Macronuclear biolistic transformation was performed to introduce constructs into 
Tetrahymena cells by homologous recombination (Cassidy-Hanley et al., 1997).  
Strains containing GFP-tagged Cen1 were generated by cloning CEN1 into the 
pENTR-D Gateway Entry Vector (Invitrogen, Carlsbad, CA). The coding sequence was then 
cloned into pBSmttGFPgtw (Doug Chalker, Washington University, St. Louis, MO) using the 
Gateway cloning system (Invitrogen). The resulting construct adds the GFP tag to the 
N-terminus of Cen1, is under control of a metallothionein-inducible promoter, targets for 
integration into the RPL29 locus, and provides cycloheximide resistance. The Cen1 N-terminal 
domain construct was made by cloning the first 273 base pairs of CEN1 cDNA into the Gateway 
entry vector and then cloned into pBSmttGFPgtw. The Cen1 C-terminal domain construct was 
made in a similar way but the last 231 base pairs of CEN1 cDNA was cloned instead. 
Tetrahymena transformants were selected by growth in SPP containing cycloheximide (15 
µg/ml).  
The expression of GFP-Cen1 and its domains was induced by adding CdCl2 (0.5 µg/ml) 
to cells grown to mid-log phase at 30°C. To determine the localization of the protein, cells were 
examined 7 h after induction. The GFP-Cen1 incorporation assay was performed as described 
previously (Pearson et al., 2009). Briefly, cells were grown to mid-log phase at 30°C and 
arrested by starvation. After overnight arrest at 30°C, cells were washed into fresh SPP 
containing CdCl2 (0.5 µg/ml) to induce expression of GFP-Cen1. Cells were examined 2.5 and 7 
hours after cell cycle release at 30°C. 
  
cen1Δ rescue.  
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The cen1Δ rescue constructs consisted of the CEN1 locus (1038 and 981 base pairs 
upstream and downstream from the start and stop codons of CEN1, respectively) cloned into 
pUC18. The plasmid pUC18-CEN1 targets the CEN1 locus, and the expression of CEN1 is 
under control of its endogenous promoter. Mutations to pUC18-CEN1 were generated by 
site-directed mutagenesis and confirmed by sequencing (Macrogen USA, Rockville, MD).  
The cen1Δ was generated as described in Stemm-Wolf et al. (2005). Briefly, UCB 8 and 
9 have both copies encoding CEN1 replaced by the NEO2 cassette in their micronuclei. On 
mating of the two strains, their micronuclei form new macronuclei that have the NEO2 cassette 
at the CEN1 locus instead of the coding regions of CEN1. The cen1Δ is selected for resistance 
to paromomycin, which is provided by the NEO2 cassette (Weide et al., 2007). The cen1 
deletion allele eventually causes cells to die due to basal body stability and assembly defects 
(Stemm-Wolf et al., 2005).  
The cen1Δ was rescued by introducing pUC18-CEN1 plasmids containing WT CEN1 or 
mutant alleles into cells by biolistics 10.5 h after mating UCB 8 to UCB 9 (Cassidy-Hanley et al., 
1997). Rescue was selected by resistance to paromomycin (100 µg/ml) in SPP and viability 
after seven days at 30°C. Once rescued strains were identified, genomic DNA was isolated by 
phenol:chloroform:isoamyl alcohol extraction followed by precipitation with isopropanol (Gaertig 
et al., 1994). The CEN1 locus was sequenced to confirm the presence of CEN1 and any mutant 
alleles. Alleles that did not rescue the cen1Δ in three transformations were considered to be 
lethal.  
 
Fluorescence microscopy. 
Live-cell imaging was performed to examine cells expressing GFP-Cen1. Cells were 
washed with 10 mM Tris, pH 7.5, concentrated by pelleting, and placed on microscope slides 
(VWR, Radnor, PA). For immunofluorescence, cells were chemically fixed with 
paraformaldehyde and ethanol (Stuart and Cole, 2000). Fixed cells were added to poly-L-lysine 
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coated antibody slides (Bellco Glass, Vineland, NJ). All primary antibodies were diluted in 
phosphate-buffered saline (PBS) plus 1% bovine serum albumin (BSA). The mouse monoclonal 
20H5 antibody raised against the Chlamydomonas centrin (provided by J. Salisbury, Mayo 
Clinic, Rochester, MN) was diluted 1:1000. The rabbit polyclonal Tetrahymena Sas6a antibody 
(Culver et al., 2009) was diluted 1:2500. All primary antibody incubations were carried out 
overnight at 4°C. After primary antibody incubations, cells were washed five times with PBS plus 
0.1% BSA. The secondary antibodies used were anti–rabbit FITC and anti–mouse Texas Red 
(Jackson ImmunoResearch Labs, West Grove, PA). All secondary antibodies were diluted 
1:1000 in PBS plus 1% BSA and incubated with cells at room temperature for 1 h. Cells were 
washed five times with PBS plus 0.1% BSA and mounted in Citifluor (Citifluor, London, United 
Kingdom).  
All imaging was performed at room temperature using an Eclipse Ti inverted microscope 
(Nikon, Tokyo, Japan) fitted with a CFI Plan Apo VC 60x H numerical aperture–1.4 objective 
(Nikon) and a CoolSNAP hq2 charge-coupled device camera (Photometrics, Tucson, AZ). The 
MetaMorph Imaging software (Molecular Devices, Sunnyvale, CA) was used to collect and 
analyze images. For live-cell imaging, an exposure time of 800 ms was used. For 
immunofluorescence, an exposure time of 250 ms was used. Images were subjected to the 
nearest-neighbors deconvolution algorithm using the MetaMorph Imaging software.  
 
Western blot.  
Whole-cell extracts were prepared by lysing ∼30,000 cells in sample buffer (20% 
glycerol, 2% SDS, 125 mM Tris, pH 6.8, 5% β-mercaptoethanol) and heating to 80°C for 4 min. 
Approximately 2250 cells were added to each lane in 4–20% Precise Protein precast gels 
(Pierce, Rockford, IL). Proteins were transferred to Immobilon membranes (Millipore, Billerica, 
MA) using a transfer apparatus (Bio-Rad Labs, Hercules, CA). Membranes were blotted in 
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Tris-buffered saline (TBS) containing 0.05% Tween and 2% BSA. Primary antibodies (rabbit 
polyclonal Cen1 antibody (Stemm-Wolf et al., 2005) and mouse monoclonal B-5-1-2 α-tubulin 
antibody [Sigma-Aldrich, St. Louis, MO]) were diluted 1:1000 into TBS containing 0.05% Tween 
and 2% BSA. Primary antibody incubations were carried overnight at 4°C, and then the 
membrane was washed three times with TBS containing 0.05% Tween. Secondary antibodies 
(anti–rabbit IR800 and anti–mouse IR680 [LI-COR Biosciences, Lincoln, NE]) were diluted 
1:10,000 into TBS containing 0.05% Tween and 2% BSA. Secondary antibody incubations were 
performed at room temperature for 1 h, and then the membrane was washed three times with 
TBS containing 0.05% Tween. Blots were visualized on a LI-COR Odyssey scanner.  
 
CEN1 copy number.  
Genomic DNA was isolated from Tetrahymena cells by phenol:chloroform:isoamyl 
alcohol extraction, followed by precipitation with isopropanol (Gaertig et al., 1994). PCR with 
Phusion polymerase (New England Biolabs, Ipswich, MA) was performed with 0.25 µg of 
genomic DNA and primers for α-tubulin and Cen1. PCR was carried out according to the 
manufacturer's instructions, except that 20 cycles were performed. Cen1 forward primer: 
TGTCAGAATCATGAATTCAG. Cen1 reverse primer: TACGAGTAACGTTAATTAGC. α-Tubulin 
forward primer: AGAGAAGTTATTTCAATTCACGTC. α-Tubulin reverse primer: 
CTAAATTTTTAATCGCAGGCACA. PCR samples were run in a 1% Tris-acetate-EDTA agarose 
gel. The gel was stained with ethidium bromide and viewed through a PHOTO/Analyst 
Investigator Eclipse workstation (FOTODYNE, Hartland, WI).  
 
In vitro Ca2+-binding assays.  
The E. coli plasmid expressing recombinant 6x-histidine-Cen1, pQE10-Cen1, was 
generated in a previous study (Stemm-Wolf et al., 2005). EF hand mutations were made to the 
plasmid by site-directed mutagenesis and confirmed by sequencing. The Tetrahymena 
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calmodulin gene was cloned into pQE10 (Qiagen, Valencia, CA). Recombinant proteins were 
purified as described in Stemm-Wolf et al. (2005). E. coli strain M15 was grown in 500 ml of 
Luria broth plus 0.2% glucose for 4 h at 37°C. Cultures were equilibrated to room temperature, 
and isopropyl β-D-thiogalactoside was added to 0.3 mM to induce expression of recombinant 
proteins. Induction was carried out for 3 h at room temperature. Cells were pelleted and washed 
once with PBS. The pellets were resuspended in PBS plus protease inhibitors (1 mM 
phenylmethylsulfonyl fluoride, 0.5 µg/ml leupeptin, 1 µg/ml aprotinin, and 1 µg/ml pepstatin A). 
Lysozyme was added to 200 µg/ml, and samples were incubated for 20 min at room 
temperature. Samples were then sonicated five times for 15 s with 1-min cool downs on ice. 
Lysates were pelleted by centrifugation at 10,000 × g at 4°C for 15 min. The supernatant was 
loaded onto a column containing Talon resin (BD Biosciences Clontech, Palo Alto, CA) washed 
with PBS plus protease inhibitors. Proteins were eluted from the column in PBS plus 200 mM 
imidazole. All purified proteins were dialyzed into 10 mM 3-(N-morpholino)propanesulfonic acid 
(MOPS) , 50 mM KCl, pH 8, treated with Chelex-100 (Bio-Rad) to remove Ca2+ contaminants.  
Nitrocellulose membranes (Amersham Biosciences, GE Healthcare, Piscataway, NJ) 
were prewetted in MOPS buffer (10 mM MOPS, 50 mM KCl, pH 8). Proteins (100 pmol) were 
blotted onto the nitrocellulose membrane using a Hybri-Slot Manifold (Whatman Biometra, 
Göttingen, Germany). The membrane was stained with amido black (Sigma-Aldrich) according 
to standard protocols (Hornbeck et al., 2001). Images of stained membranes were taken using a 
CanoScan 8400F scanner (Canon, Lake Success, NY). To test for Ca2+ binding, the 
membranes were incubated in a Ca2+ solution containing 100 mM CaCl2 buffered to ∼100 µM 
free Ca2+ with 100 mM ethylene glycol tetraacetic acid (EGTA). A total of 10 µCi of 45Ca2+ 
(PerkinElmer, Waltham, MA) was added to the Ca2+ solution, and incubations were carried out 
for 20 min at room temperature. Membranes were then washed three times with distilled H2O 
and allowed to dry. Dried membranes were exposed overnight to Phosphor Screens (Molecular 
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Dynamics, Piscataway, NJ). Screens were visualized on a Storm 860 PhosphorImager scanner 
(Molecular Dynamics). Band intensities from the amido black staining and the autoradiograph 
were quantified using the Gels analytical tool in ImageJ. For sample comparisons, the band 
intensities from the autoradiographs were corrected for protein amount by dividing the 
autoradiograph intensity by the amido black intensity. The experiment was performed in 
triplicate at room temperature. To measure all statistical differences, a Student's t test was 
performed using the Excel spreadsheet software (Microsoft, Redmond, WA).  
Electrophoretic mobility shift assays were performed by incubating Cen1 proteins (500 
µg/ml) in MOPS buffer (10 mM MOPS, 50 mM KCl, pH 8) containing 1 mM CaCl2 or EGTA 
overnight at 4°C. Protein samples were diluted in 2× native sample buffer (125 mM Tris, pH 6.8, 
20% glycerol). Samples were run on 12% Laemmli acrylamide gels (Ausubel et al., 1997) minus 
SDS in the gels and running buffer. Gels were washed three times in distilled H2O and stained 
in Gel Code Blue Stain Reagent (ThermoFisher Scientific, Waltham, MA). Gels were scanned 
on a Canon CanoScan 8400F scanner. The mobility shift for Ca2+ versus EGTA samples was 
measured using ImageJ software. The experiment was performed five times.  
 
RESULTS. 
Only the C-terminal domain of Cen1 localizes to basal bodies. 
I wanted to determine whether the Cen1 N- or C-terminal domain alone is sufficient to 
rescue the lethal phenotype for the Tetrahymena cen1 null allele (cen1Δ). Although the 
wild-type (WT) CEN1 allele rescues the cen1Δ, N- or C-terminal domain deletions of Cen1 were 
unable to rescue the cen1Δ, indicating that neither domain alone is sufficient to perform Cen1 
function. To ascertain whether either domain can localize to basal bodies, they were tagged with 
green fluorescent protein (GFP) using an expression vector under the control of the inducible 
metallothionein promoter. I found that only the C-terminal domain (CTD) of Cen1 localizes to 
basal bodies (Figure 2-1A).  
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Figure 2-1. The C-terminal domain of Cen1 localizes to basal bodies. (A) Localization of GFP-
tagged full length WT Cen1, the NTD of Cen1, and the CTD of Cen1. Bar, 10 µm.  (B) 
Incorporation of full-length WT GFP-Cen1. At 2.5 hours after release from cell cycle arrest, new 
basal bodies (white arrowhead) are brighter than old basal bodies (blue arrowhead). At 7 hours 
after release from cell cycle arrest, a more uniform labeling is observed for new (white arrow) 
and old (blue arrow) basal bodies. (C) The incorporation of Cen1’s C-terminal domain labeled 
with GFP is similar to that of full-length WT Cen1. In (B) and (C), the width of the insets are 3.5 
µm. 	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The localization of Cen1’s CTD was further analyzed by examining its incorporation into 
basal bodies (Pearson et al., 2009). In this assay, I used the inducible promoter to control the 
expression of the GFP-tagged proteins. Cells were arrested in G1 by media starvation to inhibit 
the assembly of new basal bodies. On transfer into growth media, new basal body assembly 
was initiated, and concurrent with release from arrest, expression of the GFP fusion protein was 
induced. At 2.5 h, just before the cells had completed one full cell cycle (Pearson et al., 2009; 
Pearson and Winey, 2009), bright and dim GFP-Cen1 signals were observed at basal bodies 
(Figure 2-1B, left, white and blue arrowheads, respectively). New basal body assembly occurs 
anterior to the old basal body (Frankel, 2000; Kaczanowski, 1978; Perlman, 1973), and, in this 
case, the bright and dim basal bodies are the new and old basal bodies, respectively, as new 
basal bodies stably incorporate GFP-Cen1 once it is expressed. The old basal body has some 
GFP-Cen1 signal because there is an exchangeable population at the basal body transition 
zone (Pearson et al., 2009). Cells were also examined 7 h after release from starvation. At this 
time point, many basal bodies have been assembled in the presence of GFP-Cen1, resulting in 
uniform labeling of new and old basal bodies by GFP (Figure 2-1B, right, white and blue arrows, 
respectively) (Pearson et al., 2009). 
This assay was performed to analyze the incorporation of Cen1’s CTD into basal bodies. 
After 2.5 h from cell cycle release, the GFP-CTD was present at new and old basal bodies 
(Figure 2-1C, left, white and blue arrowheads, respectively). Because the old basal body 
contained a GFP signal, it is likely that the CTD of Cen1 can exchange at basal bodies like the 
full-length protein. Seven hours after cell cycle release, the GFP signal from the CTD at new 
and old basal bodies was more uniform (Figure 2-1C, right, white and blue arrows, respectively). 
The overall labeling at basal bodies by the CTD appears dimmer than those labeled by the 
full-length protein, suggesting that the CTD has decreased localization efficiency. Nevertheless, 
the ratio of incorporation at new basal bodies relative to exchange at all basal bodies is similar 
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to that of the full-length protein. This assay shows that Cen1’s CTD incorporates into basal 
bodies in a similar manner as full-length Cen1 but with reduced efficiency.  
 
Cen1 EF hand mutant alleles rescue the cen1Δ but exhibit temperature-sensitive phenotypes. 
Because the domain deletions of Cen1 gave little information about its function at basal 
bodies, I turned my efforts to mutating its EF hands since they are defining motifs in centrins 
and evidence indicates that they have an important role in centrin function (Geier et al., 1996; 
Middendorp et al., 2000b). A point mutation was made by site-directed mutagenesis within the 
loop regions of Cen1's four EF hands. The loop region contains the residues needed for Ca2+ 
binding, and the first residue, aspartate, is found in almost all EF hands (Gifford et al., 2007). 
Mutating this residue into alanine has been shown to perturb Ca2+ binding at an EF hand (Figure 
2-2) (Geiser et al., 1991). Seven CEN1 EF hand mutant alleles were made: four consisted of 
only one of the EF hands mutated, two consisted of both EF hands mutated within one domain 
(i.e., both the first and second EF hands of the N-terminal domain), and one consisted of all four 
EF hands mutated. All but two of the mutant alleles rescued the cen1Δ. The apparent null 
alleles were the CTD double EF hand mutant and the all-four EF hand mutant.  
Cells rescued with EF hand mutant alleles were fixed and stained with anti-Sas6a and 
anti-centrin (20H5) antibodies for immunofluorescence microscopy. The anti-Sas6a antibody 
recognizes the basal body protein Sas6a, which is found at the cartwheel (Culver et al., 2009; 
Kilburn et al., 2007). The antibody also labels the kinetodesmal (KD) fibers (Culver et al., 2009), 
which are basal body accessory structures composed of striated rootlets that extend from the 
basal body, pointing toward the anterior of the cell (Allen, 1969). It should be noted that it is now 
known that Sas6a is not within the KD fibers (B. P. Culver and M. Winey, personal 
communication). Thus, the anti-Sas6a antibody serves as a basal body and KD fiber marker. 
The 20H5 antibody recognizes centrins in various organisms, including Tetrahymena Cen1 
(Stemm-Wolf et al., 2005).  
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Figure 2-2. Residues that make up the loop regions of Cen1’s four EF hands. Asterisks denote 
the residues that form contacts with a Ca2+ ion. The consensus sequence shows the residues 
typically found in the loop region (Gifford et al., 2007). For the Cen1 EF hand mutations, the first 
residue of the loop region (boxed) was mutated to alanine.   
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I examined the mutants grown at 30°C and observed that the first EF hand, second EF 
hand, N-terminal domain (NTD) double EF hand, and third EF hand mutants were 
morphologically similar to the cen1Δ rescued with WT CEN1. Their cortical rows did not have 
defects in basal body orientation, assembly, or stability (Figure 2-3A, i–v). The majority of cells 
with the fourth EF hand mutant allele (70%) were similar to WT; however, 30% had gaps within 
their cortical rows (Figure 2-3A, vii, white arrow).  
Cells were grown at 38°C to screen for temperature-sensitive EF hand mutant alleles. 
Both the first EF hand and second EF hand mutant strains remained morphologically similar to 
WT (Figure 2-3A, viii–x). However, the NTD double EF hand, third EF hand, and fourth EF hand 
mutant alleles gave basal body–associated phenotypes. These mutant alleles led to gaps within 
the cortical rows and basal bodies orientated off from the cortical rows (Figure 2-3A, xi–xiii, 
white and blue arrows, respectively). The fourth EF hand mutant allele caused the most severe 
basal body phenotype of all the EF hand mutant alleles. 
I examined the levels of the Cen1 protein in cells with the EF hand mutant alleles by 
Western blot with an anti-Cen1 antibody (Figure 2-3B). All the mutants have similar levels of 
Cen1 as WT at 30 and 38°C, except for the third EF hand and fourth EF hand mutants, which 
had higher levels. Through PCR analysis, I determined that these strains had more copies of 
CEN1 than WT (Figure 2-3C). This suggests that the higher levels of the Cen1 protein in the 
third and fourth EF hand mutants are a result of higher gene copy numbers. In all, the data 
shows that mutating the EF hands affects Cen1 function at basal bodies. 
 
EF hand mutations perturb Ca2+ binding in Cen1. 
I wanted to determine how Ca2+ affinity in Cen1 was affected by EF hand mutations. A 
Ca2+ binding analysis was performed on the NTD double EF hand, third EF hand, and fourth EF 
hand mutant alleles because they gave temperature-sensitive basal body phenotypes. I also 
included the CTD double EF hand and all four EF hand mutant alleles with the analysis because 
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Figure 2-3. CEN1 EF hand mutant alleles cause temperature sensitive basal body phenotypes. 
(A) Immunofluorescence images of strains containing CEN1 EF hand mutant alleles. Panels i-
vii, cells grown at 30°C; panels viii-xiii, cells grown at 38°C; green, Sas6a and kinetodesmal 
fibers; red, centrin; blue arrows, basal bodies not in cortical rows; white arrows, gaps within 
cortical rows. Percentages indicate the frequency of observed phenotype for 100 cells. Bar, 10 
µm; Width of insets, 4.8 µm. (B) Western blots comparing the protein levels of Cen1 (αCen1) in 
the EF hand mutant strains at 30°C and 38°C. Detection of alpha tubulin (αATU) served as a 
loading control. (C) PCR analysis comparing CEN1 gene copy number in the EF hand mutant 
strains. Alpha tubulin (ATU1) served as a PCR control. 
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they were unable to rescue the cen1Δ. Recombinant forms of the mutant proteins were purified 
from E. coli along with the Tetrahymena Ca2+-binding protein calmodulin to serve as a positive 
control (Suzuki et al., 1981). The proteins were blotted onto nitrocellulose membranes and 
stained with amido black to verify equal loading (Figure 2-4A). Next, the ability of the proteins to 
bind Ca2+ was tested using the radioisotope 45Ca2+ (Figure 2-4B). The band intensities of the 
autoradiograph, corrected for the amount of protein added to the membrane (Figure 2-4C), 
suggest that Ca2+ affinities are significantly reduced in all of the Cen1 EF hand mutant proteins 
except for the third EF hand mutant protein. Of interest, the reduction in Ca2+ affinity was 
greatest when Cen1 contained a mutated fourth EF hand, suggesting that this EF hand has the 
highest affinity for Ca2+. In contrast, the N-terminal double EF hand mutant protein had a modest 
decrease in Ca2+ affinity, suggesting that the CTD has a higher affinity for Ca2+ than the NTD. 
Further supporting this are electrophoretic mobility shifts of the Cen1 mutant proteins in the 
presence or absence of Ca2+ in native polyacrylamide gels (Geiser et al., 1991). The mobility 
shifts for Cen1 proteins containing a mutated fourth EF hand were significantly reduced when 
compared with the WT protein (Figure 2-4D). In all, the results confirm that Cen1 is a 
Ca2+-binding protein and that mutations to some of its EF hands perturb its Ca2+-binding affinity 
and that both domains in WT Cen1 are able to bind Ca2+ but with differing affinities. 
 
DISCUSSION. 
I utilized a mutagenic strategy to identify the importance of Cen1’s two domains and its 
EF hands for its function at basal bodies. This approach has demonstrated that both domains 
together are required to carry out Cen1 function. Further examination of the domains showed 
that only the CTD of Cen1 localizes to basal bodies. These results suggest that the two domains 
have different functions that are both necessary for Cen1 function. 
To better understand Cen1 function, I mutated its EF hands and this led to basal body 
associated phenotypes, demonstrating that the EF hands and Ca2+ have an important role in  
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Figure 2-4. Mutations to Cen1’s EF hands decrease Ca2+ affinity. (A) Recombinant proteins 
expressed in E. coli were purified, blotted onto a nitrocellulose membrane, and stained with 
amido black to show total protein. (B) Autoradiography shows Ca2+-45 bound to proteins on the 
membrane. (C) Quantification of band intensity in the autoradiograph corrected for the amount 
of protein. All values except for the 3rd EF hand mutant protein were significantly different from 
WT (P<1%).  N = 3. (D) Top: Electrophoretic mobility shift assays for mutant and WT Cen1 
proteins in the presence of Ca2+ or EGTA. Bottom: Plot showing the mobility shift for Ca2+-
treated versus EGTA-treated samples. Asterisk, P<0.01%; N= 5.  4X, all four EF hand mutated; 
AU, arbitrary units; Cmd, Tetrahymena calmodulin; No Vector, protein purified from E. coli 
lacking a Cen1 expression plasmid. 
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Cen1 function. An analysis of the Ca2+ binding properties of the EF hand mutant proteins 
suggests that both domains bind Ca2+; however, a comparison between the NTD double EF 
hand mutant protein and the fourth EF hand protein shows that the Ca2+ affinity is greatly 
reduced in the latter, suggesting that the fourth EF hand has a higher affinity for Ca2+ than the 
NTD EF hands. The fact that the two domains of Cen1 have differing Ca2+ affinities supports the 
postulation that the two domains have different functions and Ca2+ may regulate these functions 
(Veeraraghavan et al., 2002). The higher Ca2+ affinity for the CTD may indicate that Ca2+ serves 
as a structural component that holds it in a conformation that favors interactions with binding 
partners. Since the fourth EF hand is in the CTD, it would be interesting to see if perturbing Ca2+ 
binding to this EF hand affects the localization of Cen1 to basal bodies. The NTD has a lower 
affinity for Ca2+, implying that it may have a regulatory function. When the levels of Ca2+ reach a 
certain level at the basal body, NTD detects this and signals Cen1 to carry out its critical basal 
body function. The function of the NTD of Cen1 remains to be discovered.  
In all, the mutagenic approach to determine the importance of the two centrin domains 
domains and of Ca2+ suggests that both domains and Ca2+ are necessary for Cen1 function and 
that the domains have different functions. The function of the CTD appears to be involved in 
basal body localization whereas the function of the NTD is not yet known. 
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CHAPTER 3: The two domains of the Tetrahymena Centrin 1 have distinct basal body 
functions.1 
 
 
INTRODUCTION. 
The two domains of Cen1 each have two EF hands, a Ca2+ binding motif 
(Veeraraghavan et al., 2002). The data presented in the previous chapter of this dissertation 
show that the Ca2+ affinities for the two domains are different, with the CTD having the higher 
affinity for Ca2+ and that only the CTD of Cen1 localizes to basal bodies. This suggests that the 
domains have different functions with the CTD being involved in basal body localization. This 
then implies that the NTD of Cen1 is available to carry out the critical functions of Cen1.  
The basal body phenotypes observed in the cen1Δ rescued by the EF hand mutant 
alleles further supports the hypothesis that the two domains have distinct functions. The NTD 
double EF hand mutant allele resulted in a basal body defect that was not as severe as those 
caused by the third or fourth EF hand mutant allele. These mutant alleles were further analyzed 
to determine if their phenotypes were a result of distinct functions of Cen1’s domains. This 
analysis showed that the NTD double EF hand mutant allele has only basal body orientation 
and separation defects whereas the third and fourth EF hand mutant alleles cause a loss of 
basal bodies due to decreased localization efficiency of the mutant protein. 
 
____________________ 
 1 The work in this chapter was published in Vonderfecht, T., Stemm-Wolf, A.J., Hendershott, M., Giddings, 
T.H., Meehl, J.B., and Winey, M. (2011). The two domains of centrin have distinct basal body functions in 
Tetrahymena. Molecular Biology of the Cell 22, 2221-2234. 
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MATERIALS AND METHODS. 
Strains and culture conditions. 
The CEN1 knockout heterokaryon T. thermophila strains UCB8 and UCB9 were used to 
generate the cen1 null allele (cen1Δ) (see later discussion). The wild-type B2086 strain 
(Tetrahymena Stock Center, Cornell University, Ithaca, NY) was also used in this study. 
Cultures were grown in SPP media (2% proteose peptone, 0.1% yeast extract, 0.2% glucose, 
0.003% FeEDTA) at 24, 30, or 38°C, depending on the experiment. For starvation experiments, 
cells were grown in SPP to mid-log phase, washed, and resuspended in 10 mM Tris, pH 7.5, at 
24, 30, or 38°C. Macronuclear biolistic transformation was performed to introduce constructs 
into Tetrahymena cells by homologous recombination (Cassidy-Hanley et al., 1997).  
Strains containing GFP-tagged Cen1 were generated by cloning CEN1 into the 
pENTR-D Gateway Entry Vector (Invitrogen, Carlsbad, CA). The coding sequence was then 
cloned into pBSmttGFPgtw (Doug Chalker, Washington University, St. Louis, MO) using the 
Gateway cloning system (Invitrogen). The resulting construct adds the GFP tag to the 
N-terminus of Cen1, is under control of a metallothionein-inducible promoter, targets for 
integration into the rpl29 locus, and provides cycloheximide resistance. Site-directed 
mutagenesis was performed to pENTR-D–Cen1 to generate the mutant forms of GFP-Cen1. All 
mutations were confirmed by sequencing (Macrogen USA, Rockville, MD), and were cloned into 
pBSmttGFPgtw. Tetrahymena transformants were selected by growth in SPP containing 
cycloheximide (15 µg/ml).  
The expression of GFP-Cen1 and its mutants was induced by adding CdCl2 (0.5 µg/ml) 
to cells grown to mid-log phase at 30°C. To determine the localization of the protein, cells were 
examined 7 h after induction. The GFP-Cen1 incorporation assay was performed as described 
previously (Pearson et al., 2009). Briefly, cells were grown to mid-log phase at 30°C and 
arrested by starvation. After overnight arrest at 30°C, cells were washed into fresh SPP 
	   40 
containing CdCl2 (0.5 µg/ml) to induce expression of GFP-Cen1. Cells were examined 2.5 and 7 
hours after cell cycle release at 30°C.  
 
cen1Δ rescue. 
The cen1Δ rescue constructs consisted of the CEN1 locus (1038 and 981 base pairs 
upstream and downstream from the start and stop codons of CEN1, respectively) cloned into 
pUC18. The plasmid pUC18-CEN1 targets the CEN1 locus, and the expression of CEN1 is 
under control of its endogenous promoter. Mutations and deletions to pUC18-CEN1 were 
generated by site-directed mutagenesis and confirmed by sequencing. 
The cen1Δ was generated as described in Stemm-Wolf et al. (2005). Briefly, UCB 8 and 
9 have both copies encoding CEN1 replaced by the NEO2 cassette in their micronuclei. On 
mating of the two strains, their micronuclei form new macronuclei that have the NEO2 cassette 
at the CEN1 locus instead of the coding regions of CEN1. The cen1Δ is selected for resistance 
to paromomycin, which is provided by the NEO2 cassette (Weide et al., 2007). The cen1 
deletion allele eventually causes cells to die due to basal body stability and assembly defects 
(Stemm-Wolf et al., 2005).  
The cen1Δ was rescued by introducing pUC18-CEN1 plasmids containing WT CEN1 or 
mutant alleles into cells by biolistics 10.5 h after mating UCB 8 to UCB 9. Rescue was selected 
by resistance to paromomycin (100 µg/ml) in SPP and viability after seven days at 30°C. Once 
rescued strains were identified, genomic DNA was isolated by phenol:chloroform:isoamyl 
alcohol extraction followed by precipitation with isopropanol as described in Gaertig et al. 
(1994). The CEN1 locus was sequenced to confirm the presence of CEN1 and any mutant 
alleles. The mutant alleles that did not rescue the cen1Δ in three transformations were 
considered to be lethal. 
 
Fluorescence microscopy. 
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Live-cell imaging was performed to examine cells expressing GFP-Cen1. Cells were 
washed with 10 mM Tris, pH 7.5, concentrated by pelleting, and placed on microscope slides 
(VWR, Radnor, PA). For immunofluorescence, cells were chemically fixed with 
paraformaldehyde and ethanol as described in Stuart and Cole (2000). Fixed cells were added 
to poly-l-lysine coated antibody slides (Bellco Glass, Vineland, NJ). All primary antibodies were 
diluted in phosphate-buffered saline (PBS) plus 1% bovine serum albumin (BSA). The rabbit 
polyclonal Tetrahymena Cen1 antibody (Stemm-Wolf et al., 2005) was diluted 1:1000. The 
mouse monoclonal 20H5 antibody raised against the Chlamydomonas centrin (provided by J. 
Salisbury, Mayo Clinic, Rochester, MN) was diluted 1:1000. The rabbit polyclonal Tetrahymena 
Sas6a antibody (Culver et al., 2009) was diluted 1:2500. The mouse monoclonal K-antigen 
antibody 10D12 (provided by J. Frankel, University of Iowa, Iowa City, IA) was diluted 1:50. The 
mouse monoclonal KD fiber antibody F1-5D8 (provided by J. Frankel) was diluted 1:250. For 
experiments using the K-antigen antibody, cells were chemically fixed only with 70% ethanol as 
described in Pearson et al. (2009). All primary antibody incubations were carried out overnight 
at 4°C, except for the K-antigen antibody, which was incubated at 4°C for 3 days. After primary 
antibody incubations, cells were washed five times with PBS plus 0.1% BSA. The secondary 
antibodies used were anti–rabbit FITC, anti–mouse Texas Red, anti-rabbit Texas Red, 
anti-mouse FITC (Jackson ImmunoResearch Labs, West Grove, PA). All secondary antibodies 
were diluted 1:1000 in PBS plus 1% BSA and incubated with cells at room temperature for 1 h. 
Cells were washed five times with PBS plus 0.1% BSA and mounted in Citifluor (Citifluor, 
London, United Kingdom).  
All imaging was performed at room temperature using an Eclipse Ti inverted microscope 
(Nikon, Tokyo, Japan) fitted with a CFI Plan Apo VC 60x H numerical aperture–1.4 objective 
(Nikon) and a CoolSNAP hq2 charge-coupled device camera (Photometrics, Tucson, AZ). The 
MetaMorph Imaging software (Molecular Devices, Sunnyvale, CA) was used to collect and 
analyze images. For live-cell imaging, an exposure time of 800 ms was used. For 
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immunofluorescence, an exposure time of 250 ms was used. Images were subjected to the 
nearest-neighbors deconvolution algorithm using the MetaMorph Imaging software.  
Basal body fluorescence intensities were measured as described in Pearson et al. 
(2009). Briefly, 5 × 5 (inner fluorescence, Fi) and 9 × 9 (outer fluorescence, Fo) pixel regions 
were placed around a basal body, and MetaMorph measured the integrated fluorescence 
intensity for each region. Background fluorescence (Fbkgd) was calculated by subtracting Fi from 
Fo to get the fluorescence of the surrounding region not contained in the 5 × 5 region. The value 
was then corrected for area (Fbkgd = [Fo – Fi] × [25/56]). Basal body fluorescence intensity was 
calculated by subtracting Fbkgd from Fi. For experiments involving the Cen1 antibody, 200 basal 
bodies were analyzed for each condition. To measure all statistical differences, a Student's t 
test was performed using the Excel spreadsheet software (Microsoft, Redmond, WA).  
 
Cen1 mutant strain analysis. 
Number of basal bodies per µm2.  Images of cells whose basal bodies were labeled by the 
Cen1 antibody were collected. For growing cells, cells in oral primordium stages 1–2 were 
analyzed to ensure that the quantification was done at a consistent cell cycle stage (Bakowska 
et al., 1982). ImageJ (National Institutes of Health, Bethesda, MD) was used to measure cell 
length and cell surface area. The Count Particles feature in ImageJ was used to count the basal 
bodies within the cell surface area. The number of basal bodies per µm2 was calculated by 
dividing the basal body count by the cell surface area. A total of 25 cells were analyzed for each 
condition.  
 
Basal body angle. ImageJ was used to measure basal body angle. Three consecutive basal 
bodies in a cortical row were used as the points for angle measurements. The first two basal 
bodies were considered to be within the cortical row, and the third basal body was either in or 
out of the cortical row. For each condition, 200 basal bodies were measured. 
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Electron microscopy. 
Tetrahymena cells were prepared for ultrastructural analysis and immunolocalization of 
Cen1 by high-pressure freezing followed by freeze substitution (Giddings Jr et al., 2010; Meehl 
et al., 2010). Briefly, cells were centrifuged into a cryoprotectant solution consisting of 15% 
dextran (9–11 kDa; Sigma-Aldrich) and 5% BSA in 10 mM Tris-HCl (pH 7.4). The resulting loose 
pellet was high-pressure frozen in a Bal-Tec HPM-010 (Leica Microsystems, Wetzlar, 
Germany), then freeze-substituted in 0.25% glutaraldehyde and 0.1% uranyl acetate in acetone 
and embedded in Lowicryl HM20.  
Nickel grids containing ribbons of 15–20 serial 60-nm-thick sections were prepared for 
immuno-electron microscopy by incubating them in blocking solution (1% nonfat dry milk 
dissolved in PBS–Tween 20 [0.1%]) and then in blocking solution containing the rabbit 
polyclonal Cen1 antibody diluted 1:200. The 10- or 15-nm gold-conjugated anti–rabbit 
secondary antibody was applied to the grids (Ted Pella, Redding, CA). Grids were poststained 
with 2% uranyl acetate and lead citrate. Samples were imaged using a Philips CM 10 (FEI, 
Hillsboro, OR) equipped with a Gatan BioScan digital camera (Gatan, Pleasanton, CA) or a 
Philips CM 100 transmission electron microscope equipped with an AMT V600 digital camera 
(Advanced Microscopy Techniques, Danvers MA). Six Cen1-containing basal body domains 
were identified by morphological criteria. Gold particles on each serial cross section through the 
basal bodies were counted and assigned to these domains (Kilburn et al., 2007). To measure 
statistical differences, a chi-square test was performed using the Excel spreadsheet software.  
 
RESULTS. 
The NTD double EF hand mutant allele causes misorientation of newly assembled basal bodies 
and causes basal body separation defects. 
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To better understand the function of Cen1 at basal bodies, I performed detailed analyses 
on the NTD double EF hand mutant allele. Cells progressing through the cell cycle and 
assembling new basal bodies at 38°C were examined using the anti-Sas6a and 20H5 
antibodies (Figure 3-1A). As expected, cen1Δ rescued with the WT allele had straight cortical 
rows of basal bodies (Figure 3-1A, i). Cells with the NTD double EF hand mutant allele had 
basal bodies branching off from the cortical rows, resulting in gaps within the cortical rows 
(Figure 3-1A, ii, white arrow and arrowhead, respectively). I also saw that the KD fibers of some 
basal bodies within straight cortical rows were orientated improperly in that they no longer point 
toward the anterior end of the cell (Figure 3-1A, compare blue arrows in i and ii), suggesting that 
these basal bodies have been aberrantly rotated.  
The number of basal bodies in the NTD double EF hand mutant was compared with that 
in WT to ascertain whether the mutant allele affected basal body assembly and/or stability. The 
number of basal bodies per µm2 for a cell was calculated by counting the foci resulting from the 
anti-Cen1 antibody. I am confident that the anti-Cen1 antibody is labeling all basal bodies in the 
mutant because I observed that the 20H5 centrin antibody colocalized with the anti-Sas6a 
antibody at all basal bodies within the cortical rows (Figure 3-1A, ii), indicating that all basal 
bodies in the mutant have Cen1. The number of basal bodies per µm2 in the NTD double EF 
hand mutant is similar to that in WT at 30 and 38°C (Figure 3-1B), implying that there is no loss 
of basal bodies. Basal body angle was measured to determine whether there is a basal body 
orientation defect for the NTD double EF hand mutant allele. I found that the mutant had more 
variation in basal body angle, with an average angle of 143 ± 31°. This was significantly different 
from WT, which had an average angle of 164 ± 21° (Figure 3-1C) (P < 0.01%, N = 200 basal 
bodies). The data indicate that the main phenotype for the NTD double EF hand mutant allele is 
a basal body orientation defect.  
Next, I asked whether the orientation defects would arise in mutant cells not undergoing 
new basal body assembly. Cells were grown at 30°C, arrested at 30°C by starvation to inhibit  
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Figure 3-1. NTD double EF hand mutant allele cause defects in the orientation of basal bodies. 
(A) Immunofluorescence images of the NTD double EF hand mutant progressing through the 
cell cycle at 38°C. The mutant cell has misoriented kinetodesmal fibers (compare blue arrows) 
and basal bodies branching away from cortical rows (white arrow), causing gaps in the cortical 
rows (white arrowhead). Green, Sas6a and kinetodesmal fibers; red, centrin. (B) Plot showing 
the number of basal bodies per µm2 for cells grown at 30°C and 38°C. N = 25 cells. (C) The 
inset shows how basal body angle is measured. Three consecutive basal bodies served as the 
angle points, with basal bodies 1 and 2 considered to be in the cortical row and basal body 3 in 
or out of the cortical row. The plot shows the basal body angle frequency for cells grown at 
38°C.  N = 200 basal bodies. Bar, 10 µm. Width of insets, 5 µm. Percentages indicate the 
frequency of observed phenotype for 100 cells.  
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new basal body assembly, and shifted to 38°C. After 24 h at 38°C, the cells were examined by 
immunofluorescence microscopy. The NTD double EF hand mutant had straight cortical rows of 
basal bodies, which was similar to cells with the WT allele (Figure 3-2A). This suggests that the 
orientation defects arise from the assembly of new basal bodies off axis from the cortical rows. 
To test this, cells were grown at 30°C, arrested at 30°C to inhibit basal body assembly, shifted 
to 38°C for 24 h, and released into growth media at 38°C to initiate new basal body assembly at 
the restrictive temperature. Four hours after release at 38°C, cells were fixed and stained for 
K-antigen, which labels only mature basal bodies (Williams et al., 1990), and Cen1, which labels 
all basal bodies (Pearson et al., 2009; Stemm-Wolf et al., 2005). Cells with the WT allele had 
new basal bodies unlabeled by K-antigen that assemble anterior to mature basal bodies labeled 
by K-antigen (Figure 3-2B; arrow, mature basal body; arrowhead, newly assembled basal body). 
In contrast, the NTD double EF hand mutant had new basal bodies that assembled off axis from 
mature basal bodies in the cortical rows (Figure 3-2B; arrow, mature basal body; arrowhead, 
newly assembled basal body). Thus, the NTD double EF hand mutant allele causes 
misorientation of newly assembled basal bodies.  
EM was used to examine basal bodies in the NTD double EF hand mutant grown at 
38°C. Serial sections from mutant and WT were stained with the anti-Cen1 antibody, revealing 
that the localization of Cen1 to basal body domains for the NTD double EF hand mutant allele 
was similar to the WT allele (Figure 3-3A). I also observed a similar incorporation pattern for 
GFP-Cen1 with the NTD double EF hand mutations as WT, suggesting that the mutant allele 
does not affect the localization and incorporation of the mutant protein into basal bodies (Figure 
3-3, B and C). EM analysis of the mutant found cases of a new basal body being assembled off 
axis from an aberrantly rotated mother basal body in the cortical rows (Figure 3-4, A and B), 
confirming the phenotype we observed by immunofluorescence microscopy. It suggests that the 
assembly orientation defect might be a result of aberrantly rotated basal bodies. I also found 
many examples in the mutant showing a mature daughter basal body closer to its mother basal  
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Figure 3-2. NTD double EF hand mutant allele cause defects in the orientation of newly 
assembled basal bodies.  (A) Immunofluorescence images showing the NTD double EF hand 
mutant whose assembly of basal bodies has been inhibited by cell cycle arrest at 38°C.  Green, 
Sas6a and kinetodesmal fibers; red, centrin. (B) At 38°C, new basal bodies (arrowhead) are 
assembled off-axis from mature basal bodies (arrow) in the cortical rows in the NTD double EF 
hand mutant. Red, anti-Cen1 which labels all basal bodies; green, K-antigen which labels 
mature basal bodies. Bar, 10 µm. Width of insets, 5 µm. Percentages indicate the frequency of 
observed phenotype for 100 cells (A) or 100 basal bodies (B). 	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Figure 3-3. NTD double EF hand mutant protein localizes like the WT protein. (A) Schematic 
showing the regions of a basal body. Table shows the average gold particle distribution for 
Cen1 to various regions of the basal body in WT and NTD double EF hand mutant cells.  
Enclosed in the parentheses is the percent distribution. (B) Localization of GFP-Cen1 with 
mutated NTD double EF hands is similar to GFP-Cen1 WT. (C) Incorporation assays show that 
GFP-Cen1 with mutated NTD double EF hands behaves similarly as GFP-Cen1 WT.  Blue 
arrowheads indicate new basal bodies and white arrowheads indicate old basal bodies. Bar, 10 
µm.  Width of insets, 3.9 µm. BB, basal body; KF, kinetodesmal fiber; MZ, mid-zone; PC, 
postciliary microtubules; TV, transverse microtubules; TZ, transition zone. 
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Figure 3-4. Electron microscopy analysis reveals that the NTD double EF hand mutant allele 
causes basal body rotation and separation defects at 38°C. (A) Three basal bodies in a cortical 
row from a WT cell are shown, with the top most basal body being a newly assembled basal 
body. (B, i – ii) Serial sections from a NTD double EF hand mutant cell are shown with (ii) being 
more proximal. The basal body towards the bottom has been aberrantly rotated, as indicated by 
its KF and PC structures. (B, ii) The aberrantly rotated basal body has a new basal body being 
assembled away from the cortical row. (C) Immuno-electron micrographs showing the basal 
body separation defect. The white arrows and arrowheads indicate the mother and daughter 
basal bodies, respectively. Note that the daughter basal body in the mutant is close to its mother 
basal body yet the density within the mutant daughter basal body (blue arrow) indicates that it is 
more mature than the WT daughter basal body (Allen, 1969). The postciliary microtubules of the 
mutant’s daughter basal body (blue arrowhead) appear to be impinging on the mother basal 
body. Particle labeling is Cen1.  Bar, 100 nm.  BB, basal body; KF, kinetodesmal fiber; PC, 
postciliary microtubules. 
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body than what is observed for WT (Figure 3-4C), indicating that the NTD double EF hand 
mutant allele causes basal body separation defects. In several of these examples, some 
accessory structures of the daughter basal body, such as the postciliary microtubules, were 
impinging on the mother basal body (Figure 3-4C, blue arrowhead). In all, the data suggest that 
Cen1’s NTD has a role in the orientation and separation of a daughter basal body from its 
mother basal body.  
 
The fourth EF hand mutant allele causes basal body stability defects due to decreased 
localization efficiency of the mutant protein.  
I performed similar analyses on the fourth EF hand mutant allele as I did on the NTD 
double EF hand mutant allele. Cycling cells with the fourth EF hand mutant allele at 38°C had 
many basal bodies outside of the cortical rows, enlarged KD fibers, and large gaps within the 
cortical rows (Figure 3-5A, ii, blue arrow, blue arrowhead, and white arrowhead, respectively). 
Large gaps within cortical rows are usually indicative of a loss of basal bodies due to assembly 
and/or stability defects (Shang et al., 2002). The mutant strain had ∼7 ± 5% fewer basal bodies 
per µm2 than WT at 30°C, and that difference increased to 14 ± 13% at 38°C (Figure 3-5B), 
confirming that the fourth EF hand mutant has a loss of basal bodies. Along with a loss of basal 
bodies, cells with the fourth EF hand mutant allele were significantly shorter than WT at 38°C 
(44 ± 3 vs. 53 ± 3 µm, respectively, P < 0.001%, N = 25 cells).  
Because the fourth EF hand mutant has a loss of basal bodies, I wanted to determine 
whether it is due to an inability to assemble new basal bodies. Cells were grown at 30°C, 
arrested at 30°C to inhibit new basal body assembly, shifted to 38°C for 24 h, and released into 
growth media to initiate new basal body assembly at 38°C. Four hours after release at 38°C, 
cells were fixed and stained for K-antigen, which labels only mature basal bodies (Shang et al., 
2002; Williams et al., 1990), and Cen1, which labels all basal bodies (Pearson et al., 2009;  
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Figure 3-5. Fourth EF hand mutant allele causes a loss of basal bodies. (A) 
Immunofluorescence images showing the 4th EF hand mutant progressing through the cell 
cycle at 38°C. The mutant has gaps in the cortical rows (white arrowhead), misoriented basal 
bodies (blue arrow), and enlarged kinetodesmal fibers (blue arrowhead). Green, Sas6a and 
kinetodesmal fibers; red, centrin. (B) Plot showing the number of basal bodies per µm2 for cells 
grown at 30°C and 38°C. Asterisk, P<1%; N = 25 cells. Bar, 10 µm.  Width of insets, 5 µm. 
Percentages indicate the frequency of observed phenotype for 100 cells.  	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Stemm-Wolf et al., 2005). This assay reveals that at 38°C, the fourth EF hand mutant strain is 
able to assemble new basal bodies from mature basal bodies (Figure 3-6A; arrow, mature basal 
body; arrowhead, newly assembled basal body). Further confirmation that the fourth EF hand 
mutant can assemble new basal bodies is the observation of oral primordia (Figure 3-6A, box). 
The appearance of the oral primordium is indicative of new basal body assembly, for it is a 
cellular structure that results from new basal body assembly, which then develops into an oral 
apparatus as a cell undergoes cell division (Frankel, 2000; Kaczanowski, 1978; Wolfe, 1970).  
Because the fourth EF hand mutant strain can assemble new basal bodies at 38°C, I 
hypothesize that the loss of basal bodies in this mutant at 38°C is due to basal body stability 
defects. To test this, cells were grown at 30°C, arrested at 30°C to inhibit new basal body 
assembly, and shifted to 38°C. After 24 h at 38°C in an arrested state, cells were examined by 
immunofluorescence microscopy. The majority of cells with the fourth EF hand mutant allele 
(75%) had gaps within the cortical rows (Figure 3-6B, white arrowhead), suggesting a loss of 
basal bodies. The mutant had about the same number of basal bodies per µm2 as WT before 
the shift to 38°C (Figure 3-6C, t = 0 h). However, after 24 h at 38°C, the mutant had a 19 ±15% 
decrease in basal bodies per µm2 (Figure 3-6C, t = 24 h). This demonstrates that the fourth EF 
hand mutant loses basal bodies due to stability defects and confirms the role for Cen1 in basal 
body maintenance.  
Similar analyses on the third EF hand mutant allele showed that cycling cells at 38°C 
had the same phenotypes as the fourth EF hand mutant strain, including gaps that are indicative 
of a loss of basal bodies (Figure 3-7A). However, the number of cells observed with basal 
body-related phenotypes was much smaller for the third EF hand mutant strain (54%) compared 
with the fourth EF hand mutant strain (100%). Because new oral primordia were observed in the 
third EF hand mutant (Figure 3-7A), I expect that they are able to assemble new basal bodies at 
38°C (Frankel, 2000; Kaczanowski, 1978; Wolfe, 1970). When the mutant strain was arrested to 
inhibit new basal body assembly, a large fraction (68%) was morphologically similar to WT;  
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Figure 3-6. Fourth EF hand mutant allele causes basal body stability defects. (A) Fourth EF 
hand mutant can assemble new basal bodies (arrowhead) from mature basal bodies (arrow) at 
38°C. Red, anti-Cen1 which labels all basal bodies; green, K-antigen which labels mature basal 
bodies; white box, oral primordium which is indicative of new basal body assembly. (B) 
Immunofluorescence images showing gaps in the cortical rows (arrowhead) of the fourth EF 
hand mutant whose assembly of basal bodies has been inhibited by cell cycle arrest at 38°C. 
Green, Sas6a and kinetodesmal fibers; red, centrin. (C) Plot showing the number of basal 
bodies per µm2 in arrested cells before (t = 0h) and after 24 hours (t = 24h) at 38°C. Asterisk, 
P<0.01%; N = 25 cells. Bar, 10 µm. Width of insets, 5 µm. Percentages indicate the frequency 
of observed phenotype for 100 cells. 
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Figure 3-7. The third EF hand mutant allele in CEN1 causes mild basal body stability defects. 
(A) Immunofluorescence images showing gaps in the cortical rows (white arrowhead) of the 3rd 
EF hand mutant progressing through the cell cycle at 38°C. Blue arrows show oral primordia 
which is indicative of new basal body assembly. (B) Immunofluorescence images showing the 
3rd EF hand mutant whose assembly of basal bodies has been inhibited by cell cycle arrest at 
38°C. Arrowhead shows an example of the gaps in the cortical rows in the mutant. Green, 
Sas6a and kinetodesmal fibers; Red, centrin; Bar, 10 µm; width of insets, 5 µm; percentages 
indicate the frequency of observed phenotype for 100 cells. 
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however, 32% displayed gaps within the cortical rows of basal bodies (Figure 3-7B). The data 
suggest that the third EF hand mutant allele results in a loss of basal bodies due to a slight 
defect in basal body stability, although it is not nearly as severe as the fourth EF hand mutant 
allele.  
I observed that basal bodies in the fourth EF hand mutant strain had varying intensity 
when labeled with anti-Cen1 antibodies compared with WT. Quantification of fluorescence 
intensity showed that the Cen1 signal at basal bodies was significantly reduced by almost 10% 
for the fourth EF hand mutant strain when compared with WT (Figure 3-8A). The percent 
reduction underreports the localization efficiency of the mutant protein since mutant cells 
produce more Cen1 than WT cells (Figure 2-3B). Furthermore, the localization efficiency of 
GFP-Cen1 with a mutated fourth EF hand was reduced when compared with WT GFP-Cen1 
(Figure 3-8B). Even with a decrease in localization efficiency, GFP-Cen1 with a mutated fourth 
EF hand shows an incorporation pattern into basal bodies that is similar to the WT protein 
(Figure 3-8C). GFP-Cen1 with a mutated third EF hand shows a slight decrease in localization 
efficiency, which is not nearly as severe as the fourth EF hand mutant protein, and 
demonstrates an incorporation pattern that is similar to WT (Figure 3-8, B and C). This is 
consistent with the results from these EF hand mutant alleles: the fourth EF hand mutant allele 
leads to the more severe basal body phenotype. Immunoelectron microscopic analysis on basal 
bodies from cells with the fourth EF hand mutant allele showed that the mutant protein localized 
to the same basal body domains as the WT protein but with a significant reduction in the 
labeling (Figure 3-9). In addition, the mutant protein mislocalized to regions other than the site of 
new assembly at the proximal end of the basal body (Figure 3-9). In all, the data suggest that 
the basal body stability defects in the fourth EF hand mutant are due to poor and defective 
localization of the mutant Cen1 protein. Consistent with the conclusion that CTD EF hand 
mutations decrease Cen1 localization was the finding that GFP-Cen1 with CTD double EF hand 
mutations has decreased localization compared with WT GFP-Cen1 (Figure 3-8B). Examination  
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Figure 3-8. CTD EF hand mutant proteins have decreased localization efficiency to basal 
bodies. (A) Quantification of anti-Cen1 staining shows that the fourth EF hand mutant has less 
Cen1 at basal bodies than WT. Asterisk, P<1%; N = 200 basal bodies; AU, arbitrary units. (B) 
Localization efficiency of GFP-tagged Cen1 with mutated CTD EF hands is less than GFP-Cen1 
WT. (C) Incorporation assays for GFP-Cen1 with CTD EF hand mutations show that bright 
(white arrowhead) and dim (blue arrowhead) basal bodies are not observed only for the Cen1 
protein with CTD double EF hand mutations. Instead, gaps between GFP-labeled basal bodies 
are seen (white arrow).  This suggests that the CTD double EF hand mutant protein does not 
incorporate into basal bodies bimodally like WT. Bar, 10 µm. Width of insets, 4.5 µm.	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Figure 3-9. Immuno-electron microscopy analysis of fourth EF hand mutant grown at 38ºC. (A) 
Schematic showing the regions of a basal body. Table shows the average gold particle 
distribution for Cen1 to various regions of the basal body in WT and 4th EF hand mutant cells. 
Enclosed in the parentheses is the percent distribution. Chi-square analysis indicates that the 
gold particle distribution is significantly reduced for the fourth EF hand mutant compared to WT 
(P < 0.001%). (B) Immuno-electron micrographs showing mislocalized Cen1 in the fourth EF 
hand mutant. Asterisk indicates the area containing the mislocalized Cen1 which was never 
found in WT. Bar, 100 nm. BB, basal body; KF, kinetodesmal fiber; MZ, mid-zone; PC, 
postciliary microtubules; TV, transverse microtubules; TZ, transition zone. 
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of the mutant protein's incorporation into basal bodies shows that it is unable to exchange at 
basal bodies like the WT protein (Figure 3-8C), suggesting that the ability to incorporate 
bimodally is necessary for correct Cen1 function. In all, the data from the CTD domain EF hand 
mutant alleles suggest that Cen1 is important for basal body stability and that the EF hands are 
important for localization to basal bodies. 
 
DISCUSSION. 
I used a mutagenic strategy to study the function of Cen1 at Tetrahymena basal bodies. 
Two predominant basal body-associated phenotypes were observed. One encompasses 
defects in basal body stability, further supporting the hypothesis that Cen1 is important for basal 
body maintenance. The other observed phenotype is misorientation of newly assembled basal 
bodies. It may appear that none of the mutant alleles give basal body assembly defects; 
however, I noticed that the frequency of new basal body assembly is reduced for the fourth EF 
hand mutant allele compared with WT. Therefore, it is possible that this mutant allele causes 
basal body assembly defects in addition to stability defects.  
The results from the mutagenic approach give key information about the 
structure-function relationship of Cen1 and suggest distinct functions for the two domains. I 
previously showed that neither domain alone is sufficient to rescue the cen1Δ, indicating that 
both domains are required to carry out Cen1 function. The CTD EF hand mutant alleles cause 
basal body stability defects, and further examination of these mutant alleles shows that the 
localization of the mutant proteins to basal bodies is reduced. I also previously shown that only 
the CTD of Cen1 localizes to basal bodies, suggesting that the CTD is responsible for basal 
body localization. Taken together, it appears that the primary function of centrin's CTD is to 
localize and incorporate the protein into basal bodies and that the basal body stability defects in 
the Cen1 CTD mutants are likely due to reduced levels of Cen1 at basal bodies.  
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The CEN1 NTD double EF hand mutant allele alters basal body orientation and 
separation, suggesting that the NTD has a role in these processes. The NTD mutant allele did 
not affect the localization of the mutant protein, indicating that the observed basal body defect is 
a direct result of Cen1 dysfunction. How the NTD of centrin accomplishes its function remains to 
be determined. The majority of basal bodies in cells containing the NTD double EF hand mutant 
allele have separation defects, suggesting that Cen1 also has a role in the separation of a 
daughter basal body from its mother. Cen1 localization by immunoelectron microscopy has 
been observed between a mother and a daughter basal body, making it plausible that it 
regulates the separation of the two basal bodies.  
In summary, I have shown distinct functions for the two domains of Cen1. The CTD is 
important for basal body localization and the NTD is involved in basal body orientation and 
separation. This model is further supported by an alanine-scanning mutagenesis study of Cen1 
(Vonderfecht et al., 2011). Mutations throughout the NTD lead to only basal body orientation 
defects similar to that seen in the NTD double EF hand mutant allele. Likewise, mutations 
throughout the CTD lead to a loss of basal bodies like what is observed in the third or fourth EF 
hand mutant alleles. How the domains are involved in their respective functions remains to be 
discovered. It will be key to elucidate how the mutant Cen1 proteins interact with their binding 
partners in order to fully understand Cen1’s mode of action at basal bodies. 
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CHAPTER 4. The two centrin groups have distinct functions at basal bodies. 
 
INTRODUCTION. 
Alignments of centrins from a wide range of organisms show that centrins separate into 
two groups. These two groups are annotated based on sequence similarity to the human 
centrins, centrin 2 and centrin 3 (see Figure 1-2B). Despite this separation, the two groups 
share high sequence similarity (74.4% for the human centrins 2 and 3). Analyses of components 
that make up centrioles or basal bodies in different species suggest that they contain a centrin 
isoform from each group (Andersen et al., 2003; Aury et al., 2007; Kilburn et al., 2007; Liu et al., 
2007). Vertebrates have several isoforms belonging to the human centrin 2 group with one that 
appears to be ubiquitously expressed and the others expressed only in ciliated cells (Laoukili et 
al., 2000; Wolfrum and Salisbury, 1998). The budding yeast has only one centrin isoform 
(Cdc31p – a human centrin 3 homologue); however, the spindle pole body, the only microtubule 
organizing center in yeast, has no structural similarity to a basal body or centriole (Jaspersen 
and Winey, 2004), suggesting that having the two centrin isoforms at basal bodies or centrioles 
has been conserved throughout evolution. 
As of yet, studies on centrin function at basal bodies and centrioles have largely focused 
on those belonging to the human centrin 2 group. Members of this group localize to the distal 
end of the basal body or centriole and sites of new assembly (Geimer and Melkonian, 2005; 
Kilburn et al., 2007; Laoukili et al., 2000; Sanders and Salisbury, 1994; Stemm-Wolf et al., 
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2005). Human centrin 3 is also found at these sites (Laoukili et al., 2000), suggesting that the 
two groups share similar localization. Analyses on the function of human centrin 2 and its 
homologues suggest that this group is involved in basal body or centriole maintenance, 
assembly, the orientation of assembly, and separation of the daughter from its mother (Koblenz 
et al., 2003; Ruiz et al., 2005; Salisbury et al., 2002; Spang et al., 1993; Stemm-Wolf et al., 
2005; Vonderfecht et al., 2011; Yang et al., 2010). Human centrin 3 may play a role in 
centrosome duplication but it is not clear yet what its function is (Middendorp et al., 2000a). 
Knockdown of either the human centrin homologues in Paramecium lead to different basal body 
defects, suggesting that the two centrin groups may have distinct functions (Ruiz et al., 2005).  
Cdc31p is the human centrin 3 homologue that has been most studied, and it has been shown 
that it is required for the duplication of the spindle pole body (Baum et al., 1986; Hartwell et al., 
1973); however, since the yeast microtubule organizing center is structurally different from a 
basal body or centriole (Jaspersen and Winey, 2004), it remains to be seen if the function of 
Cdc31p is conserved throughout the human centrin 3 group. 
The small number of studies on the human centrin 3 group at basal bodies and the fact 
that the two centrins share high sequence similarity raise two major questions: what is the 
function of this group and are the two centrin groups redundant, meaning do basal bodies need 
both centrin isoforms? To answer these two questions, I used the ciliate protist Tetrahymena as 
a model system for basal body biology. The Tetrahymena basal body proteome has identified 
two centrins as basal body components: Cen1, the human centrin 2 homologue, and centrin 2 
(Cen2), the human centrin 3 homologue (Kilburn et al., 2007). Like the human centrins, Cen1 
and Cen2 share high sequence similarity (78.4%). Cen1 is essential and is involved in basal 
body stability, assembly, orientation of assembly, and separation (Stemm-Wolf et al., 2005; 
Vonderfecht et al., 2011). The expression of Cen2 was not detected by Northern blots (Stemm-
Wolf et al., 2005); however, since the Tetrahymena basal body proteome shows that Cen2 
exists at basal bodies (Kilburn et al., 2007), it suggests that it may be expressed at low levels.   
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I wished to gain a better understanding of the functions of the two centrin groups by 
determining Cen2’s role at basal bodies and whether or not Cen1 and Cen2 are redundant. I 
found that, while Cen1 and Cen2 share similar functions, they are distinct from each other, 
suggesting that basal bodies require a centrin from both groups to function correctly. 
 
MATERIALS AND METHODS. 
Strains and Culture Conditions. 
The wild-type Tetrahymena thermophila strain B2086 (Tetrahymena Stock Center, 
Cornell University, Ithica, NY) was used in this study as the wild-type comparison strain. All cell 
lines were grown in 2% super peptose (2% SPP) media (2% proteose peptone, 0.1% yeast 
extract, 0.2% glucose, and 0.003% Fe-EDTA) at 30˚C or 38˚C depending on the experiment. To 
do cell arrest experiments, cells were grown to mid-log phase in 2% SPP media, washed twice 
with 10mM Tris-HCl, pH 7.4, and resuspended in 10mM Tris-HCl, pH 7.4, at 30˚C. For all 
experiments involving the inducible metallothionein (MTT) promoter, induction was performed 
by adding CdCl2 to media to 0.25 mg/mL and incubating the cells at 30° or 38° C for 8 hours 
before fixing or live viewing the cells. 
 
DNA Constructs and Strain Construction. 
Strains containing GFP-tagged full length Cen1 or Cen2 were generated by cloning 
CEN1 or CEN2 cDNA into the pENTR-D Gateway Entry Vector (Invitrogen, Carlsbad, CA). The 
coding sequence was then cloned into pBSmttGFPgtw (Doug Chalker, Washington University, 
St. Louis, MO) using the Gateway cloning system (Invitrogen). The resulting construct adds the 
GFP tag to the N-terminus of Cen1 or Cen2, is under control of a metallothionein-inducible 
promoter, targets for integration into the rpl29 locus, and provides cycloheximide resistance. 
The first 276 bases of CEN1 was cloned into pENTR to make the Cen1 NTD, and the last 228 
bases of CEN1 was cloned into pENTR to make the Cen1 CTD. The first 270 and last 228 
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bases of CEN2 were cloned into pENTR to make the Cen2 NTD and CTD, respectively. The 
constructs pECE-GFP-Cetn2 and pECE-GFP-Cetn3 (generous donations from Dr. H. Fisk, Ohio 
State University, Columbus, OH) were used to clone the human centrins into pENTR. The 
pENTR genes were then Gateway-cloned into pBSmttGFPgtw.  
 The expression of centrin genes without a tag was performed by cloning the desired 
gene into pBSmtt which is under control of a metallothionein-inducible promoter, targets for 
integration into the rpl29 locus, and provides cycloheximide resistance. The Cen1-Cen2 chimera 
was created by PCR stitching to create a nucleotide sequence that contained the first 276 bases 
of Cen1 and the last 228 bases of Cen2. Similarly, the Cen2-Cen1 chimera was created by PCR 
stitching to create a nucleotide sequence with the first 270 bases of Cen2 and the last 228 
bases of Cen1. The chimeras, CEN1, CEN2, and human centrin genes were all cloned into 
pBSmtt. 
All DNA constructs were confirmed by sequencing (Macrogen USA, Rockville, MD) and 
were introduced into cells by biolistics and integrated into the Tetrahymena genome by 
homologous recombination described in Cassidy-Hanley et al. (1997). Tetrahymena 
transformants were selected by growth in SPP containing cycloheximide (15 µg/ml). 
 
Generation of cen2Δ. 
The cen2Δ was generated by creating a drug-selectable strain that has no functional 
CEN2 (Hai and Gorovsky, 1997). Briefly, p4T21-CEN2del, a construct containing the NEO2 
cassette, which provides paromomycin resistance (Weide et al., 2007), flanked by 1.5kb of the 
regions upstream and downstream of CEN2, was integrated at the CEN2 locus in the 
micronucleus of mating wild-type Tetrahymena strains, B2068 or CU428 (Tetrahymena Stock 
Center) by biolistics. Strains of different mating types were made homozygous for the NEO2 
cassette at the micronucleus by mating to strains with defective micronuclei (B*VI and B*VII, 
Tetrahymena Stock Center). The resulting strains homozygous for the NEO2 cassette at the 
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CEN2 locus were mated to each other to generate a new macronucleus with the NEO2 cassette 
replacing CEN2 at the CEN2 locus. The cen2Δ was selected for resistance to paromomycin 
(100 µg/mL). Total genomic DNA was isolated by phenol:choloroform:isoamyl alcohol extraction 
and isopropyl alcohol precipitation (Gaertig et al., 1994). PCR confirmed proper integration of 
the NEO2 cassette at the CEN2 locus and deletion of CEN2. 
 
Purification of Recombinant Cen2. 
Because Tetrahymena stop codons differ from canonical stop codons, CEN2 was 
optimized for expression in E. coli by GenScript (Piscataway, NJ). The optimized CEN2 
sequence was cloned into the E.coli expression vector pQE10 that adds a N-terminal 6xHis-tag 
to the protein. The resulting vector, pQE10-Cen2 was transformed into the E.coli strain M15.  
The E. coli strain M15 containing pQE10-Cen2 was grown overnight at 38˚C in Luria 
Broth + 0.2% glucose with 50 µg/mL kanamycin and 100µg/mL ampicillin. This culture was used 
to inoculate 500mL of Luria Broth, and cells were incubated at 38˚C for four hours then shifted 
to room temperature for an hour. Expression of Cen2 was induced with 300µM IPTG. After three 
hours, cells were pelleted, washed once with phosphate buffered saline (PBS) and stored 
frozen.  
Recombinant Cen2 was isolated on a nickel affinity column as described by Stemm-Wolf 
et al. (2005). Briefly, pellets were resuspended in PBS with protease inhibitors 
(phenylmethylsulfonyl fluoride, leupeptin, aprotinin, and pepstatin) and lysozyme. Cells were 
sonicated and pelleted. The supernatant was loaded onto a Talon resin column (BD 
Biosciences Clontech, Palo Alto, CA) and elutions using PBS + 200mM imidazole were 
collected. Fractions with Cen2 were pooled together and stored frozen in 10% glycerol. 
Recombinant Cen1 was purified in a similar fashion, and the plasmid used to express Cen1 is 
described in Stemm-Wolf et al. (2005). 
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Generation of αCen2 peptide antibody. 
The rabbit αCen2 peptide antibody was developed by YenZym Antibodies (San 
Francisco, CA). The antibody epitope consisted of a peptide containing the first 17 amino acids 
of the N-terminal tail of Cen2 (MNYSPKANKMKRKLKQEC). The antibody was affinity purified 
using an affinity column containing recombinant Cen2 chemically ligated to AminoLink gel 
(Pierce Biotechnologies, Rockford, IL). The column was washed by alternating between 0.2M 
glycine, pH 2.8, and 0.1M NaHCO3, pH 8.5, 0.5 M NaCl. The crude antibody was prepared by 
adding 10x TTBS and 4M NaCl and centrifuging the preparation. The crude preparation was 
incubated for 48 hours in the affinity column at 4˚C. Elutions using 0.2M Glycine, pH 2.8, 0.02% 
NaN, were collected. Fractions containing the antibody were detected by absorbance at 280 nm 
and were pooled and dialyzed against PBS-azide at 4˚C for 16 hours. 
    
Fluorescence Microscopy. 
All cell imaging, both live-cell and immunofluorescence, was conducted at room 
temperature using an Eclipse Ti inverted microscope (Nikon, Japan) fitted with a CFI Plan Apo 
VC 60x H numerical aperture 1.4 objective (Nikon, Japan) and a CoolSNAP HQ2 charge-
coupled device camera (Photometrics, Tuscon, AZ). Metamorph Imaging software (Molecular 
Devices, Sunnyvale, CA) was used to collect images. The imaging software was used to 
analyze images by subjecting them to the nearest neighbors deconvolution algorithm. Live-cell 
imaging was conducted to examine cells expressing GFP-tagged proteins. Cells were washed 
once with 10mM Tris-HCl, pH 7.4, pelleted, and placed on microscope slides (VWR, Radnor, 
PA).  
All cells to be examined with immunofluorescence were chemically fixed in 
paraformaldehyde for 10 minutes using a modified protocol described in Stuart and Cole (2000). 
Cells were placed onto antibody slides coated with poly-L-lysine (Bellco Glass, Vineland, NJ).  
All primary antibodies were diluted in PBS + 1% bovine serum albumin (BSA). The affinity 
	   66 
purified rabbit polyclonal Tetrahymena Centrin 2 antibody (this study) was diluted 1:100, the 
rabbit polyclonal Tetrahymena Centrin1 antibody (Stemm-Wolf et al., 2005) was diluted 1:1000, 
the mouse monoclonal 20H5 antibody raised against the Chlamydomonas centrin (provided by 
Dr. J. Salisbury, Mayo Clinic, Rochester, MN) was diluted 1:1000, the mouse monoclonal 
kinetodesmal (KD) fiber antibody, F1-5D8, (provided by Dr. J. Frankel, University of Iowa, Iowa 
City, IA) was diluted 1:250, the mouse monoclonal K-antigen antibody, 10D12 (provided by Dr. 
J. Frankel) was diluted 1:50, and the rabbit polyclonal Tetrahymena Sas6a antibody (Culver et 
al., 2009) was diluted 1:2500. Primary incubations were carried out overnight at 4˚C, except for 
the K-antigen antibody, which was incubated at 4˚C over three nights. Following the primary 
incubation, cells were washed 5 times with PBS + 0.1% BSA. Cells were then incubated at 
room temperature for an hour with secondary antibodies diluted 1:1000 in PBS + 1% BSA. The 
secondary antibodies used were anti-rabbit FITC, anti-rabbit Texas Red, anti-mouse FITC, and 
anti-mouse Texas Red (Jackson ImmunoResearch Labs, West Grove, PA). After secondary 
antibody incubation, cells were washed five times with PBS + 0.1% BSA and mounted with 
Citifluor (Citfluor, London, United Kingdom). 
 
Swimming Analysis. 
 Cells were grown to mid-log phase, washed into 10mM Tris-HCl, pH 7.4, and incubated 
at 30°C for 30 minutes. Cells were diluted to 1 x 104 cells/mL, and 5 µL of cell solution was 
added a standard microscope slides (VWR). Images of the cells were taken for 0.16 s at 0.02 s 
intervals. The distance the cells swam was measured using ImageJ, and the speed was 
calculated by dividing the distance by the time (0.168 s). A total of 20 cells was measured for 
each condition. 
 
Basal Body New:Old Fluorescence Ratio. 
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 Cells were grown to mid-log phase and washed into 10mM Tris-HCl, pH 7.4. Cell arrest 
was carried out overnight at 30°C and a portion of the cells were fixed. The remaining cells were 
released from arrest by washing them into fresh media, and after 4 hours of release from arrest, 
cells were fixed. Fixed cells were stained with anti-Cen1 or anti-Cen2 antibodies.  
Basal body fluorescence intensities were measured as described in Pearson et al. 
(2009). Briefly, the average background signal (Fbkgrd) was measured by placing 5 × 5 pixel 
regions were around the cell at areas without basal bodies and measuring the integrated 
fluorescence intensity for each region with MetaMorph. Then, a basal body pair was selected, 
with the more anterior one considered to be the “new” basal body and the more posterior basal 
body being the “old” one. The integrated fluorescence intensity for each basal body (Fi) was 
measured by placing a 5 × 5 pixel region around the basal body, and the corrected integrated 
fluorescence intensity for each basal body was calculated (Fi – Fbkgrd). The distance between the 
two basal bodies was also measured. The basal body new:old fluorescence ratio was calculated 
by dividing the new basal body fluorescence by the old basal body fluorescence. For each 
condition, 50 basal body pairs were analyzed. To measure all statistical differences, a Student's 
t test was performed using the Excel spreadsheet software (Microsoft, Redmond, WA).  
 
Quantification of Basal Bodies per Cell. 
Cells progressing through the cell cycle and cells arrested in starvation media (10mM 
Tris-HCl, pH 7.4) were analyzed. Cells were stained with the anti-Cen1 antibody to label basal 
bodies. For cells progressing through the cell cycle, cells in oral primordium stages 1–2 were 
analyzed to ensure that the quantification was done at a consistent cell cycle stage (Bakowska 
et al., 1982). The “Count Particles” function of the program ImageJ (National Institutes of Health, 
Bethesda, MD) was used to count the basal bodies across the whole cell surface area. A total of 
25 cells were analyzed for each condition. 
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Quantification of Basal Bodies per µm. 
Cells progressing through the cell cycle at oral primordium stages 1–2 were stained with 
the anti-Cen1 antibody to label basal bodies. The number of basal bodies along a 10 µm length 
of a ciliary row was counted, and the number was divided by 10 µm to get the number of basal 
bodies per µm. The mean cell length was measured to ensure that changes in basal body 
frequency were not a result of changes in cell length. A total of 5 measurements in 10 cells were 
analyzed to get 50 measurements for each condition. 
 
Basal Body Angle. 
 Cells were stained with the anti-Cen1 and KD fiber antibodies to label basal bodies and 
their orientation in the cell. Basal body angle was calculated by measuring the angle of two 
basal bodies from the anterior-posterior axis of the cell using the ImageJ program. A total of 100 
measurements were made for each condition. Circular plots were constructed using the Oriana 
program (Kovach Computing Services, Pentraeth, Wales, U.K.). 
 
Electron Microscopy 
Tetrahymena cells were prepared for ultrastructural analysis and immunolocalization of 
Cen2 by high-pressure freezing followed by freeze substitution (Giddings Jr et al., 2010; Meehl 
et al., 2010). Briefly, cells were centrifuged into a cryoprotectant solution consisting of 15% 
dextran (9–11 kDa; Sigma-Aldrich) and 5% BSA in 10 mM Tris-HCl (pH 7.4). The resulting loose 
pellet was high-pressure frozen in a Bal-Tec HPM-010 (Leica Microsystems, Wetzlar, 
Germany), then freeze-substituted in 0.25% glutaraldehyde and 0.1% uranyl acetate in acetone 
and embedded in Lowicryl HM20.  
Nickel grids containing ribbons of 15–20 serial 60-nm-thick sections were prepared for 
immuno-electron microscopy by incubating them in blocking solution (1% nonfat dry milk 
dissolved in PBS–Tween 20 [0.1%]) and then in blocking solution containing the rabbit 
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polyclonal Cen2 antibody (diluted 1:5) or the rabbit polyclonal anti-GFP antibody (diluted 1:200, 
provided by Dr. C. Pearson, UC-Denver, Denver, CO). The 10- or 15-nm gold-conjugated anti–
rabbit secondary antibody was applied to the grids (Ted Pella, Redding, CA). Grids were 
poststained with 2% uranyl acetate and lead citrate. Samples were imaged using a Philips CM 
10 (FEI, Hillsboro, OR) equipped with a Gatan BioScan digital camera (Gatan, Pleasanton, CA) 
or a Philips CM 100 transmission electron microscope equipped with an AMT V600 digital 
camera (Advanced Microscopy Techniques, Danvers, MA). Six basal body domains were 
identified by morphological criteria (Kilburn et al., 2007). Gold particles on each serial cross 
section through the basal bodies were counted and assigned to these domains. 
 
RT-PCR. 
Genomic DNA was isolated from Tetrahymena cells by phenol:chloroform:isoamyl 
alcohol extraction, followed by precipitation with isopropanol as described previously. PCR with 
Phusion polymerase (New England Biolabs, Ipswich, MA) was performed with 0.25 µg of 
genomic DNA. PCR was carried out according to the manufacturer's instructions. RT-PCR was 
performed using the SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity 
kit (Invitrogen). 
Samples were run in a 1% Tris-acetate-EDTA agarose gel. The gel was stained with 
ethidium bromide and viewed through a PHOTO/Analyst Investigator Eclipse workstation 
(FOTODYNE, Hartland, WI).  
 
Western blot.  
Whole-cell extracts were prepared by lysing ∼30,000 cells in sample buffer (20% 
glycerol, 2% SDS, 125 mM Tris, pH 6.8, 5% β-mercaptoethanol) and heating to 80°C for 4 min. 
Approximately 2250 cells were added to each lane in 4–20% Precise Protein precast gels 
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(Pierce, Rockford, IL). Approximately 0.5 mg/mL of recombinant proteins were added to each 
lane of the gel. Proteins were transferred to Immobilon membranes (Millipore, Billerica, MA) 
using a transfer apparatus (Bio-Rad Labs, Hercules, CA). Membranes were blotted in 
Tris-buffered saline (TBS) containing 0.05% Tween and 2% BSA. Primary antibodies (rabbit 
polyclonal anti-Cen1 antibody, rabbit polyclonal Cen2 antibody, mouse polyclonal anti-6X 
histidine ascites [Babco International, Inc., Tucson, AZ], and mouse monoclonal B-5-1-2 anti-α-
tubulin antibody [Sigma-Aldrich, St. Louis, MO]) were diluted 1:1000 into TBS containing 0.05% 
Tween and 2% BSA. Primary antibody incubations were carried overnight at 4°C, and then the 
membrane was washed three times with TBS containing 0.05% Tween. Secondary antibodies 
(anti–rabbit IR800 and anti–mouse IR680 [LI-COR Biosciences, Lincoln, NE]) were diluted 
1:10,000 into TBS containing 0.05% Tween and 2% BSA. Secondary antibody incubations were 
performed at room temperature for 1 h, and then the membrane was washed three times with 
TBS containing 0.05% Tween. Blots were visualized on a LI-COR Odyssey scanner. 
 
RESULTS. 
Cen2 is expressed and localizes to basal bodies. 
The expression of Cen2 was not detected by Northern blots (Stemm-Wolf et al., 2005); 
however, the Tetrahymena basal body proteome indicates that Cen2 is found at basal bodies 
(Kilburn et al., 2007). At the start of this study, the Tetrahymena genome underwent an 
extensive reannotation, and the newly annotated CEN2 showed that the original predicted start 
codon was, in fact, an intron. I performed RT-PCR using primers that anneal to the original 
predicted start codon or the newly annotated start codon. I was only able to detect product using 
the primer that anneals to the newly annotated start codon (Figure 4-1), indicating that CEN2 is 
expressed. The cDNA product was sequenced and translation shows that it encodes a centrin 
protein, and the only difference between the new sequence and the original sequence is the first  	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Figure 4-1. Tetrahymena CEN2 is expressed. Top panel: CEN2 locus. Gray boxes are the 
exons. “A” and “B” are the locations of the primers used for RT-PCR. Bottom panel: RT-PCR 
showing that CEN2 is expressed. CEN1 was used as a positive control.  	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20 residues, which makes up the long N-terminal tail at the beginning of the protein (Figure 4-2). 
The new protein sequence of Cen2 indicates that it is still a human centrin 3 homologue. 
Next, I generated a polyclonal peptide antibody that specifically recognizes the 
N-terminal tail of Cen2 (Figure 4-2 and 4-3).  With the αCen2 antibody, I was able to detect 
Cen2 at all basal bodies in the cortical rows and oral apparatus (Figure 4-3A), confirming that 
Cen2 is basal body component. Immuno-EM was performed to determine its localization within 
the basal body. The αCen2 antibody predominantly labeled regions at the site of new assembly 
at the proximal end of the basal body (Figure 4-3C). This was surprising because centrins, in 
general, localize to both the site of new assembly and the distal end of the basal body. I 
reasoned that the αCen2 antibody is not sensitive enough to label the distal end, and generated 
a cell line expressing Cen2 tagged with green fluorescent protein (GFP), which localizes to 
basal bodies (Figure 4-4A). Labeling by a αGFP antibody was observed at the distal end of the 
basal body, at or near the transition zone, with most of the labeling concentrated at the site of 
new assembly (Figure 4-4B). This localization slightly differs from Cen1, which also localizes to 
the mid-zone of the basal body (Stemm-Wolf et al., 2005). In all, the results show that Cen2 is 
expressed in Tetrahymena and localizes to the site of new assembly and the distal end of the 
basal body. My results also indicate that Tetrahymena basal bodies have a centrin isoform from 
the two centrin groups, a characteristic that appears to be conserved at basal bodies throughout 
species. 
 
Cen2 is required for basal body maintenance, orientation, and separation. 
Since the function of the human centrin 3 group at basal bodies is not well known, I 
wished to determine the role of Cen2 at Tetrahymena basal bodies. To answer this question, a 
cen2 null allele (cen2Δ) strain was created (Figures 4-3A and 4-5A). Unlike the cen1 null allele 
which is lethal (Stemm-Wolf et al., 2005), cen2Δ cells are viable and are able to divide for many 
generations, indicating that CEN2 is not essential like CEN1. I found that the levels of Cen1  
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Figure 4-2. Alignment of Tetrahymena and human centrins. Black boxes indicate conserved 
residues. Gray boxes indicate similar residues, and white boxes indicate residues not 
conserved. Red box indicates the N-terminal tail region, and the green box indicates the epitope 
used to raise the anti-Cen2 antibody. The red line indicates where the two domains separate. 
The asterisk indicates the sequence for the previously annotated CEN2 gene. tt, Tetrahymena 
thermophila; hs, Homo sapiens.   
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Figure 4-3. Anti-Cen2 antibody shows that Cen2 localizes to basal bodies. (A) 
Immunofluorescence images showing labeling by the anti-Cen2 antibody or the preimmune 
serum in WT or cen2 null (cen2Δ) cells. The anti-centrin antibody is the 20H5 antibody which is 
a general centrin antibody and recognizes Cen1. Bar, 10 µm. (B) Western blot shows that the 
anti-Cen2 antibody recognizes only recombinant Cen2. (C) Immuno-electron microscopy shows 
that Cen2 localizes to the site of new assembly. Left micrograph: Longitudinal view, Bar, 100 
nm; Right micrograph: cross section, Bar, 100 nm. Table shows the particle and percent 
distribution to various regions of the basal body. BB, basal body; KF, kinetodesmal fiber; MZ, 
mid-zone; PC, postciliary microtubules; TV, transverse microtubules; TZ, transition zone.   
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Figure 4-4. GFP-Cen2 localizes to the site of assembly and transition zone. (A) GFP-Cen2 
localizes to basal bodies. Bar, 10 µm. (B) Immuno-electron microscopy showing localization of 
GFP-Cen2. Left micrograph: cross section, Bar, 100 nm ; Right micrograph: Longitudinal view, 
Bar, 100 nm. Table shows the particle and percent distribution to various regions of the basal 
body. BB, basal body; KF, kinetodesmal fiber; MZ, mid-zone; PC, postciliary microtubules; TV, 
transverse microtubules; TZ, transition zone.   
  	    
	   76 
Figure 4-5. Cen1 expression levels do not change in the cen2Δ. (A) PCR analysis confirming 
the integration of NEO2 into the CEN2 locus and deletion of CEN2 in cen2Δ cells. ATU1 served 
as a positive control. (B) Western blot showing the levels of Cen1 in WT and cen2Δ cells. 
Detection of alpha tubulin (ATU) served as a loading control. 	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remained unchanged in the cen2Δ compared to wild-type (WT) (Figure 4-5B), suggesting that 
Cen1 is not compensating for the loss of Cen2 in the cen2Δ.    
The cen2Δ strain was examined by light microscopy, and I observed that they swim 
slower than WT (Figure 4-6A), suggesting that the loss of Cen2 leads to a basal body or ciliary 
defect. This led me to perform immunofluorescence microscopy on cycling cells using αCen1 
and anti-kinetodesmal (KD) fiber antibodies as basal body markers (Figure 4-6B). The KD fiber 
is a basal body accessory structure composed of striated rootlets that extend from the basal 
body, pointing towards the anterior of the cell (Allen, 1969). Cycling cells lacking CEN2 were 
observed to have basal body defects (Figure 4-6B). The same basal body defects were 
observed using the Sas6a antibody which labels basal bodies and has a background signal 
from the KD fibers (Figure 4-6C) (Culver et al., 2009). The cen2Δ cells had gaps between basal 
bodies in their cortical rows (Figure 4-6B, arrow), suggesting that deletion of CEN2 leads to a 
loss of basal bodies. Quantification showed that there is almost a 27% reduction in the number 
of basal bodies per cell in the cen2Δ (461+54) compared to WT (630+86) (P < 0.01%, N = 25 
cells). The loss of basal bodies is not likely due to the inability to assemble new basal bodies 
because of the existence of the oral primordium (Figure 4-6B, white boxes), which is indicative 
of new basal body assembly (Frankel, 2000; Kaczanowski, 1978; Wolfe, 1970). Next, I asked if 
the loss of basal bodies is due to maintenance defects. Cells were arrested by starvation to 
inhibit new basal body assembly (Pearson et al., 2009), and their ability to maintain their 
existing basal bodies was examined by quantifying the number of basal bodies per cell after 24 
and 48 hours of cell arrest (Figure 4-7, A and B). The cen2Δ showed a 31% reduction in the 
number of basal bodies per cell between the two time points, while WT displayed no significant 
reduction in the number of basal bodies per cell (Fig. 2D, P < 0.01%, N = 25 cells), showing that 
deletion of CEN2 causes a loss of basal bodies due to maintenance defects. 
I also observed basal bodies branching off within the cortical rows in the cen2Δ, 
suggesting that there is a basal body orientation defect. Basal body angle was  
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Figure 4-6. Deletion of CEN2 leads to swimming defects and loss of basal bodies. (A) Images 
showing the swimming speed of WT and cen2Δ cells. Bar, 100 µm. (B) Immunofluorescence 
images showing gaps (arrow) in the cen2Δ. White box, oral primordium which is indicative of 
new basal body assembly; green, Cen1; red, kinetodesmal fibers; Bar, 10 µm; Width of insets, 
10 µm. (C) Labeling by the anti-Sas6a antibody shows that the cen2Δ has the same basal body 
phenotypes seen in (B). Bar, 10 µm; Width of insets, 6 µm. Percentages indicate the frequency 
of observed phenotype for 100 cells.  	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Figure 4-7. Deletion of CEN2 leads to basal body maintenance defects. (A) Cells were arrested 
by starvation and fixed 24 h and 48 h after cell arrest. Green, Cen1; Red, kinetodesmal fibers; 
Bar, 10 µm; Percentages indicate the frequency of observed phenotype for 100 cells. (B) Plot 
showing the number of basal bodies per cell at the two different time points. Asterisk, 
P<0.001%; N = 25 cells.  	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measured to confirm if there is a basal body orientation defect (Figure 4-8, A and B). I found that 
the cen2Δ had more variation in the angle, with an average angle standard deviation of 36 ±3° 
(Figure 4-8B). This was significantly different from WT, which had an average angle of 7.8 ±0.6° 
(Figure 4-8A), confirming that Cen2 has a role in basal body orientation. EM analysis of the 
cen2Δ found examples of basal bodies branching off from cortical rows (Figure 4-8B). The KD 
fibers and postciliary microtubules of these basal bodies were not aligned with those of correctly 
positioned basal bodies (Figure 4-8B). It suggests that the orientation defect in the cen2Δ might 
be a result of aberrantly rotated basal bodies. I also observed what appeared to be basal body 
separation defects in the cen2Δ. Cells were stained with αCen1, which labels all basal bodies 
(Pearson et al., 2009; Stemm-Wolf et al., 2005), and K-antigen, which labels only mature basal 
bodies (Shang et al., 2002; Williams et al., 1990). Some mature basal body pairs in the cen2Δ 
were able to separate (Figure 4-8C, arrows); however, some did not show proper separation 
(Figure 4-8C, blue arrows). This defect was observed on average a little over 3 times per cell in 
the cen2Δ but less than 1 time per cell in WT cells (N = 20 cells). EM analysis of the cen2Δ 
showed two cilia sharing a single ciliary pocket (Figure 4-8D) which may be a result of the 
separation defect. In all, the analysis of the cen2Δ shows that deletion of CEN2 leads to basal 
body maintenance, orientation, and separation defects.   
To confirm that the observed basal body defects in the cen2Δ was due to deletion of 
CEN2, I introduced CEN2 under control of the metallothionein (MTT) promoter into the cen2Δ 
genome by integration at the RPL29 locus. The introduction of MTT-CEN2 rescues the basal 
body maintenance and separation defects defects in the cen2Δ (Figure 4-9), confirming that 
Cen2 is required for basal body maintenance and orientation. 	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Figure 4-8. Deletion of CEN2 leads to basal body orientation and separation defects. (A) and 
(B) Left panels show the basal body angle distribution for WT (A) and the cen2Δ (B). Green, 
Cen1; Red, kinetodesmal fibers; Bar, 5 µm; 𝑥, average angle; σ, standard deviation. In the 
circular plots, each point corresponds to five measurements in WT and two measurements in 
the cen2Δ . N = 200 measurements. Right panels show electron micrographs of the basal body 
orientation defect. Basal bodies (white arrow) and their accessory structures (kinetodesmal 
fiber, white arrowhead; postciliary microtubules, blue arrow) are rotated in cen2Δ cells. Bar, 500 
nm (A) or 100 nm (B). (C) Close proximity of mature basal bodies suggests that there is a basal 
body separation defect in the cen2Δ (blue arrows). Green, Cen1; Red, K-antigen (mature basal 
body marker); white arrowhead, immature basal body; white arrow, mature basal body; Bar, 1 
µm. (D) Electron micrographs showing that cilia in the cen2Δ share a ciliary pocket (arrow) 
whereas cilia in WT do not. Bar, 500 nm. 
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Figure 4-9. CEN2 rescues the cen2Δ basal body phenotypes. (A) Immunofluorescence images 
showing that CEN2 rescues the basal body phenotypes in the cen2Δ. Green, Cen1; Red, 
kinetodesmal fibers; Bar, 10 µm; Width of insets, 6 µm; Percentages indicate the frequency of 
observed phenotype for 100 cells. (B) Plots showing the number of basal body per µm (left) and 
angle distribution (right). Asterisk, P<0.001%, N = 50 measurements; 𝑥, average angle; σ, 
standard deviation. Each point in the circular plots for WT and the CEN2 rescue represents two 
measurements. N = 100 measurements. (C) Immunofluorescence image showing that the anti-
Cen2 antibody recognizes Cen2 in the cen2Δ rescued with CEN2.   	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Cen2 behaves differently than Cen1. 
The analysis of the cen2Δ strain suggest that Cen2 has a similar function to Cen1, 
leading to the question of whether the two proteins behave similarly at basal bodies. It was 
previously shown that all basal bodies, new and old, have the same levels of Cen1 (Figure 4-
10A) (Pearson et al., 2009). With the αCen2 antibody, I observed that mature (old) basal bodies 
have brighter signals than immature (new) basal bodies (Figure 4-10A). The fluorescence of 
Cen1 or Cen2 labeling of new and old basal bodies were measured to calculate the new:old 
basal body fluorescence ratio (Figure 4-10A). The ratio was about 1 (0.96 ± 0.14) for Cen1, 
which is expected since all basal bodies have equal levels of Cen1 (Pearson et al., 2009).  As 
for Cen2, the ratio was 0.78 ± 0.28, showing that the old basal bodies have higher levels of 
Cen2 than the new basal bodies. To confirm this, I examined the labeling of Cen2 in arrested 
cells which are not undergoing new basal body assembly and whose basal bodies all are fully 
mature (Figure 4-10B). I observed equal labeling by the αCen2 antibody, with a new:old basal 
body fluorescence ratio near 1 (1.01 ± 0.21). The data shows that Cen2 continues to 
accumulate at the basal body as it fully matures, suggesting that Cen2 may have a role in basal 
body maturation. This is in contrast from Cen1, whose levels remains constant throughout the 
basal body’s life cycle. 
Next, I wanted to determine if the two domains of Cen2 behave in a manner similar to 
the domains of Cen1. I have previously shown that only the C-terminal domain (CTD) of Cen1 
localizes to basal bodies (Vonderfecht et al., 2011). Cen2’s CTD and N-terminal domain (NTD) 
were tagged with GFP and expressed in a WT background containing endogenous WT Cen1 
and Cen2. I found that, like Cen1, only the CTD of Cen2 localize to basal bodies (Figure 4-10C). 
This suggests that the two centrin groups have similar modes of action with the CTD involved in 
localization to basal bodies. In all, the data suggests that Cen1 and Cen2 have similar modes of 
action but behave differently, suggesting that the two proteins are distinct. 	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Figure 4-10. Cen2 behaves differently than Cen1. (A) Immunofluorescence images of cycling 
cells, showing that new (arrowhead) and old (arrow) basal bodies have equal levels of Cen1, 
while old basal bodies have higher levels of Cen2 than new basal bodies. The plot shows the 
fluorescence ratio for the new and old basal body pairs versus their distance. (B) Basal bodies 
in cells arrested by starvation have equal levels of Cen1 and Cen2 because all basal bodies are 
old (or mature). (C) The CTD, but not the NTD, of Cen1 and Cen2 localize to basal bodies. Bar, 
10 µm; width of insets, 2.5 µm; Red, Cen1 (labels all basal bodies); Green, K-antigen (labels old 
basal bodies); AU, arbitrary units.    
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The two centrin groups are distinct from each other. 
Since Cen1 and Cen2 have similar functions, I wanted to determine whether or not the 
two proteins have redundant functions at the basal body. If the two proteins are redundant, then 
it was expected that overexpression of Cen1 in the cen2Δ would rescue the basal body 
phenotypes by compensating for the loss of Cen2. CEN1 under control of the MTT promoter 
was introduced into cen2Δ and it was observed that CEN1 is overexpressed upon induction with 
Cd2+ (Figure 4-11A). The cen2Δ::MTT-CEN1 cell line was examined by immunofluorescence, 
and I found that overexpressing CEN1 is unable to compensate for the deletion of CEN2 for it 
was not capable of rescuing the loss of basal bodies and the orientation defects in the cen2Δ 
(Figure 4-11, B and C). The CEN1 overexpression data suggest that the two Tetrahymena basal 
body centrins are distinct.  
Next, I wanted to confirm that the two centrin groups are truly distinct and determine if 
the human centrins can function similarly to their Tetrahymena centrin counterparts. To ensure 
that the human centrins 2 and 3 (hsCEN2 and hsCEN3, respectively) localize to basal bodies, I 
tagged them with GFP and observed their localization to basal bodies in a WT background 
(Figure 4-12A). Next, hsCEN2 and hsCEN3 under control of the MTT promoter were introduced 
into the cen2Δ. I found that only hsCEN3 (the Tetrahymena CEN2 homologue) rescues the loss 
of basal bodies and the orientation defects caused by the deletion of CEN2, whereas hsCEN2 
(the Tetrahymena CEN1 homolgue) would not (Figure 4-12, B and D). The 
cen2Δ::MTT-hsCEN3 cell line is not a complete rescue for there remains some minor 
disorganization of the basal body cortical rows; however, the basal body orientation defect is not 
as severe as the cen2Δ. An examination of cells grown at elevated temperatures (38°C) showed 
that the increase in temperature exacerbated the loss of basal bodies and orientation defects in 
the cen2Δ whereas the cen2Δ::MTT-hsCEN3 cell line did not display any temperature sensitive 
basal body phenotypes (Figure 4-12, C and D.) In all, the data shows that only the human  	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Figure 4-11. Overexpression of CEN1 is unable to rescue the cen2Δ basal body phenotypes. 
(A) Western blot showing Cen1 levels. Detection of alpha-tubulin served as a loading control. 
(B) Immunofluorescence images showing that overexpression of CEN1 is unable to rescue the 
cen2Δ. Green, Cen1; Red, Kinetodesmal fibers; Bar, 10 µm; Width of insets, 10 µm; 
Percentages indicate the frequency of observed phenotype for 100 cells (C) Plots showing the 
number of basal body per µm (left) and angle distribution (right). Asterisk, P<0.001%, N = 50 
measurements; 𝑥, average angle; σ, standard deviation. Each point in the circular plots for WT 
represents two measurements. N = 100 measurements. 
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Figure 4-12. The Tetrahymena CEN2 homologue, human (hs) CEN3 can compensate for the 
loss of CEN2 in the cen2Δ. (A) Both GFP- hsCen2 and hsCen3 localize to basal bodies in 
Tetrahymena. (B) and (C) Immunofluorescence images showing that only hsCEN3, not 
hsCEN2, can rescue the cen2Δ basal body phenotypes at 30°C (B) and 38°C (C). Green, Cen1; 
Red, Kinetodesmal fibers; Bar, 10 µm; Width of insets, 10 µm; Percentages indicate the 
frequency of observed phenotype for 100 cells. (D) Plots showing the number of basal body per 
µm (top) and angle distribution (bottom). Asterisk, P<0.001%; Gray bars, 30°C; White bars, 
38°C. N = 50 measurements; 𝑥, average angle; σ, standard deviation. Each point in the circular 
plots for WT at 30°C represents two measurements. N = 100 measurements.   	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centrin 3 can function similarly as the Tetrahymena Cen2, confirming that the two centrin groups 
are truly distinct. 
 
The domains between the two centrin groups are also distinct from one another. 
 Since the two centrin groups have distinct functions at basal bodies and show a high 
degree of similarity, I wondered if the NTD or the CTD was responsible for the separation of the 
two groups. An alignment the Cen1 and Cen2 domains showed that their CTD’s were 91% 
similar but their NTD’s were 69% similar. This suggests that the NTD of centrins may be what 
distinguishes the two groups. To test this hypothesis, I introduced centrin chimeras composed of 
either Cen1’s NTD with Cen2’s CTD (the Cen1-Cen2 chimera) or Cen2’s NTD with Cen1’s CTD 
(the Cen2-Cen1 chimera) into the cen2Δ to determine which chimera would rescue the cen2Δ 
basal body phenotypes. Based on the alignments, it was expected that only the Cen2-Cen1 
chimera would rescue the cen2Δ since it contains Cen2’s NTD. However, it was the Cen1-Cen2 
chimera that unexpectedly rescued the loss of basal bodies and orientation defects in the cen2Δ 
at 30°C, not the Cen2-Cen1 chimera (Figure 4-13, A and C). To confirm that the Cen1-Cen2 
chimera completely rescues the cen2Δ, cells were grown at 38°C to check for any temperature 
sensitive basal body phenotypes. At this elevated temperature, I observed rows of basal bodies 
starting to branch off from the cortical rows in the cen2Δ strain rescued by the Cen1-Cen2 
chimera (Figure 4-13B, arrow). Quantification of the number of basal bodies per µm showed that 
there was no significant difference from WT (Figure 4-13C); however, there was more basal 
body angle variation in the cen2Δ strain rescued by the Cen1-Cen2 than in WT (Figure 4-13C). 
This indicates that the Cen1-Cen2 chimera in the cen2Δ is able to rescue the basal body loss 
defect but is unable to completely rescue the basal body orientation defect.  	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Figure 4-13. The Cen1-Cen2 chimera can rescue the loss of basal bodies in the cen2Δ. (A) 
Immunofluorescence images showing that only the Cen1-Cen2 chimera, not the Cen2-Cen1 
chimera, can rescue the cen2Δ basal body phenotypes at 30°C. (B) Immunofluorescence 
images showing that the Cen1-Cen2 chimera does not rescue the basal body orientation 
defects (arrow) in the cen2Δ at 38°C. Green, Cen1; Red, Kinetodesmal fibers; Bar, 10 µm; 
Width of insets, 10 µm; Percentages indicate the frequency of observed phenotype for 100 
cells. (C) Plots showing the number of basal body per µm (top) and angle distribution (bottom). 
Asterisk, P<0.001%; Gray bars, 30°C; White bars, 38°C. N = 50 measurements; 𝑥, average 
angle; σ, standard deviation. Each point in the circular plots for WT and the cen2Δ rescued with 
the Cen1-Cen2 chimera at 30°C represents two measurements. N = 100 measurements.   	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DISCUSSION. 
The function of the Tetrahymena Cen2, a member of the poorly studied human centrin 3 
group, was analyzed and compared to what is known about the Tetrahymena Cen1. Cen2 
localizes similarly to Cen1 at the transition zone and the site of assembly; however, Cen2 does 
not localize to the midzone like Cen1 (Stemm-Wolf et al., 2005), showing that the localization of 
the two proteins are somewhat different. Furthermore, I showed that mature basal bodies have 
higher levels of Cen2 than immature basal bodies whereas all basal bodies have equal levels of 
Cen1 (Pearson et al., 2009), indicating that the two proteins behave differently. A 
characterization of the CEN2 deletion strain showed that Cen2 is necessary for basal body 
maintenance, orientation, and separation, the exact same functions of Cen1 (Stemm-Wolf et al., 
2005).  
However, data from further analyses of the cen2Δ indicate that Cen1 and Cen2 are not 
redundant. The fact that the cen1Δ strain is lethal due to a loss of basal bodies (Stemm-Wolf et 
al., 2005) whereas the cen2Δ strain is viable with basal body defects shows that the two 
proteins are distinct. Overexpression of CEN1 in the cen2Δ is unable to rescue the basal body 
defects caused by the deletion of CEN2, further indicating that CEN1 cannot compensate for the 
loss of CEN2 and that the two proteins are distinct. The data suggests that the two centrin 
groups have distinct functions, and this was confirmed by the fact that only the human centrin 3, 
not the human centrin 2, is able to rescue the Tetrahymena cen2Δ strain. This finding also 
indicates that the human centrins share the same functions as the Tetrahymena centrins, 
suggesting that the functions of the two centrin groups is evolutionary conserved and that the 
two organisms also share the same binding partners. Since Cen1 and Cen2 are necessary for 
correct basal body biology in Tetrahymena, it suggests that there is an evolutionary requirement 
for centrins from both groups for proper basal body function across species. 
 Since the CTD’s of Cen1 and Cen2 localize to basal bodies and share a high degree of 
sequence similarity, it was anticipated that the NTD’s are responsible for the distinct functions of 
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the two Tetrahymena centrins. However, cen2Δ rescue experiments with centrin chimeras 
showed that only the Cen1-Cen2 is able to rescue the loss of basal bodies but not the 
orientation defect. Thus, it suggests that both domains of Cen2 are required for correct Cen2 
function and Cen1’s domains cannot fully function in place Cen2’s domains. The chimera 
experiments also suggest that Cen2’s domains have distinct functions, with the CTD involved in 
basal body localization and, maybe, maintenance, and the NTD playing a role in basal body 
orientation. Remarkably, Cen1’s domains have the same functions, and it is unknown what it is 
that make the domains in the two centrin groups so unique.  	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CHAPTER 5. Significance and Future Directions. 
 
Basal bodies and cilia play key roles in the development and regulation of vertebrates 
(Badano et al., 2006; Marshall and Nonaka, 2006). Therefore, it is imperative to study the 
functions of components that make these important structures. Centrins are a widely conserved 
component of basal bodies and centrioles (Andersen et al., 2003; Keller et al., 2005; Kilburn et 
al., 2007; Liu et al., 2007) and have been an enigma of sorts because they have been known to 
exist at microtubule organizing centers (MTOCs) for over twenty plus years (Salisbury et al., 
1984), yet their functions are not well understood. Despite this fact, antibodies that are specific 
for centrins are extensively used as centriole and/or basal body markers (Habedanck et al., 
2005; Kleylein-Sohn et al., 2007). One has to wonder if significant findings have been missed or 
misinterpreted due to the persistent use of centrin antibodies as markers for microtubule 
organizing centers when it is not well known what their functions are. There have been several 
key questions concerning centrins. The centrin family splits into two distinct groups and 
vertebrate basal bodies contain a member from both groups. This naturally raises questions 
about the functions of the two groups and whether or not the two groups are distinct or 
redundant, ie: do basal bodies require a centrin from both groups to function correctly. To shed 
light on the role of centrins at basal bodies in vertebrates and answer the questions described 
previously, I performed a systematic analysis of the functions of Cen1, a human centrin 2 
homologue, and Cen2, a human centrin 3 homologue in the model organism Tetrahymena.  
	   93 
A mutagenic analysis was performed on the essential Tetrahymena Cen1 to ascertain its 
function and mode of action. The screen showed that Cen1 plays important roles in basal body 
maintenance, orientation, and separation. Centrins have been suggested to be involved in the 
assembly of MTOCs in various species including Tetrahymena (Koblenz et al., 2003; Ruiz et al., 
2005; Salisbury et al., 2002; Spang et al., 1993; Stemm-Wolf et al., 2005; Yang et al., 2010), 
and my data further suggests that one role centrins have in the assembly of MTOCs is the 
orientation of the newly assembled MTOC. 
 The results from the mutagenic approach also give key information about centrin’s mode 
of action and suggest distinct functions for the two domains (Figure 5-1). Neither domain alone 
is sufficient to rescue the cen1Δ, indicating that both domains are required to carry out Cen1 
function. CTD mutant alleles cause basal body stability defects, and further examination of CTD 
EF hand mutant alleles shows that the localization of the mutant proteins to basal bodies is 
reduced. I also determined that only the CTD of Cen1 localizes to basal bodies, suggesting that 
the CTD is responsible for basal body localization. This hypothesis is further supported by the 
crystal structure showing the interaction between the budding yeast centrin (Cdc31p) and Sfi1p 
(Li et al., 2006), which contains multiple centrin binding sites (Figure 5-2). The structure shows 
that the CTD of Cdc31p makes the bulk of contacts with Sfi1p. Furthermore, a screen for 
CDC31 temperature sensitive mutant alleles showed that the majority of CTD mutant alleles 
resulted in protein mislocalization (Ivanovska and Rose, 2001). It has also been shown that only 
the CTD of human centrin 2 localizes to centrioles (Gavet et al., 2003) and interacts with the 
human Sfi1 protein (Martinez-Sanz et al., 2010). Taken all together, it appears that the primary 
function of centrin’s CTD is to localize and incorporate the protein into MTOCs, and that the 
basal body stability defects in the Cen1 CTD mutants are likely due to reduced levels of Cen1 at 
basal bodies.  
CEN1 NTD mutant alleles alter basal body orientation and separation, suggesting that 
the NTD has a role in these processes. None of the NTD mutant alleles affect the localization of  
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Figure 5-1. Working model showing the function of centrin’s two domains. Mutations to the NTD 
cause basal body orientation and separation defects, suggesting that the NTD has a role in 
those processes. Mutations to the CTD lead to decreased localization efficiency of the mutant 
Cen1 protein which then causes defects in basal body stability. 	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Figure 5-2. Sfi1p contains multiple centrin binding sites. (A) Schematic showing the interactions 
between two Cdc31p proteins (yeast centrin, red and green) and Sfi1p (blue). The CTD (red) of 
Cdc31p makes the bulk of interactions with Sfi1p whereas the NTD (green) is further from Sfi1p. 
Solved structure is from Li et al. (2006).  
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the mutant protein, indicating that the observed basal body defect is a direct result of Cen1 
dysfunction. How the NTD of centrin accomplishes its function remains to be determined.  
However, the NTD of the yeast centrin, while largely unbound, does make some contacts with 
Sfi1p and the CTD of a neighboring centrin protein (Li et al., 2006). Furthermore, it has been 
observed that the NTD for the human Cen2 forms oligomers (Tourbez et al., 2004; Yang et al., 
2005). This may have a role in the NTD’s function in regulating the orientation of new basal 
body assembly. 
 The Ca2+ binding properties of Cen1 were also examined. The decreased Ca2+ binding 
affinities observed in the mutant proteins might be the cause of the phenotypes observed in the 
mutant strains, suggesting that Ca2+ is necessary for proper function. The CTD, more 
specifically, the 4th EF hand, has the higher Ca2+ binding affinity. The CTDs of the human 
centrin 2 and Chlamydomonas centrin also have higher affinity for Ca2+ than their NTDs (Matei 
et al., 2003; Veeraraghavan et al., 2002; Yang et al., 2005), suggesting that this specificity is 
evolutionarily conserved. Based on the Ca2+ affinities in the Chlamydomonas centrin, it has 
been postulated that the two domains of centrin have different functions (Veeraraghavan et al., 
2002). The ability of the CTD to bind Ca2+ at low concentrations suggests that Ca2+ acts as a 
structural component that shifts the CTD into a conformation that favors interactions with a 
binding partner. The lower Ca2+ affinity in the NTD indicates that it behaves as a Ca2+ sensor.  
My data further supports this hypothesis and suggest that the NTD regulates MTOC orientation 
of assembly by acting as a Ca2+ sensor. How Ca2+ binding in the NTD of centrins regulates its 
function remains to be determined.  
 Next, I determined the function of Tetrahymena Cen2 by analyzing the cen2Δ strain. 
This strain displayed a loss of basal bodies, misorientated basal bodies and basal body 
separation defects, indicating that Cen2 functions in basal body maintenance, orientation and 
separation. These are the exact same functions I discovered for Cen1, suggesting that the two 
centrins are redundant. However, further experiments showed that overexpression of CEN1 in 
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the cen2Δ is unable to compensate for the loss of CEN2, suggesting that, although they are 
involved in the same processes, the centrins are not redundant. Additional confirmation of this 
came when it was discovered that only the human centrin 3, a Tetrahymena Cen2 homologue, 
and not human centrin 2, a Tetrahymena Cen1 homologue, was able to rescue the cen2Δ 
strain. Thus, the data indicates that the two Tetrahymena centrins have similar but not 
redundant functions at basal bodies and that Tetrahymena basal bodies require both centrins to 
perform properly. The fact that the human centrin 3 can function for Cen2 suggests that the 
same conclusions are likely for vertebrate centrins. 
 The fact that the two centrins are distinct raises the question about what is responsible 
for their “distinctness.” An alignment of the two Tetrahymena centrins shows that the degree of 
sequence conservation is much lower for the NTD than the CTD. This is also true for the human 
centrins. This suggests that the NTDs of centrins may be responsible for the separation and 
distinctness of the two groups. I tested this hypothesis utilizing chimera proteins composed of 
Cen1’s NTD with Cen2’s CTD and Cen2’s NTD with Cen1’s CTD and discovered that it did not 
hold true. My findings from this experiment also confirm my proposed model for centrin’s mode 
of action (Figure 5-1). The data showing that the Cen1-Cen2 chimera was able to rescue the 
basal body maintenance defect in the cen2Δ and that only the CTD of Cen2 localizes to basal 
suggests that the CTD’s of all centrins is involved in basal body localization and maintenance. 
However, this chimera was unable to rescue the orientation defect in the cen2Δ, suggesting that 
basal bodies require Cen2’s distinctive NTD for proper orientation. Thus, it appears that both the 
NTD and CTD contribute to the distinct requirements for the two centrin groups. To fully support 
this notion, I will need to perform a similar experiment to determine which chimera rescues the 
cen1Δ. If the hypothesis holds true, then I would expect that the Cen2-Cen1 chimera would be 
able to function to maintain basal bodies but not to hold their proper orientation in the cen1Δ. 
The majority of basal bodies in cells containing the NTD double EF hand mutant allele or 
the CEN2 deletion allele have separation defects, suggesting that centrins have a role in the 
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separation of a daughter basal body from its mother. Cen1 and Cen2 localization by IEM has 
been observed between a mother and daughter basal body, making it plausible that it regulates 
the separation of the two basal bodies. It is possible that a pair of basal bodies too close to one 
another due to a separation defect can lead to an orientation defect. The close proximity may 
cause an accessory structure of one basal body, such as postciliary microtubules, to impinge on 
the other basal body, subsequently leading a basal body to aberrantly rotate. When a new basal 
body begins to assemble from an aberrantly rotated basal body, the new basal body will be 
off-axis from the cortical rows. Thus, the orientation defects observed may be related to the 
failure of basal bodies to separate correctly. There are reports of centrin involved in basal body 
or centriole separation (Koblenz et al., 2003; Lutz et al., 2001; Ruiz et al., 2005). My data 
suggests that the ability to separate correctly may be necessary to ensure proper basal body 
orientation. 
Work with vertebrate centrins suggests that they are important for controlling the rate of 
centriole assembly (Lukasiewicz et al., 2011; Yang et al., 2010). My experiments did not 
uncover anything related to the rate of basal body assembly. So, it may be possible that centrins 
do not function in the rate of assembly per se. Instead, defects in basal body separation may 
lead to defects in the rate of assembly. If a daughter basal body has difficulty separating from its 
mother in the absence of centrins, then the delay caused by this difficulty can lead to a delay in 
the rate of basal body assembly. To support this notion, the rate of separation should be 
analyzed in vertebrate cells which contain centrin phospho-mutants or cells depleted of centrins. 
Correct basal body orientation in vertebrate multiciliated cells is critical for driving the 
flow of fluid in the proper direction across the surface of epithelial tissue (Marshall and Kintner, 
2008). For example, basal bodies in the multiciliated cells of the oviduct are specifically 
orientated to produce directional fluid flow that transports the egg to the uterus (Marshall and 
Kintner, 2008). The planar cell polarity pathway is a key regulator of basal body positioning 
within the cell (Mitchell et al., 2009), but there are likely more components involved in this 
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process. The fact that I observed basal body orientation defects for the CEN1 and CEN2 mutant 
alleles suggest that centrins may also be a key regulator of basal body positioning in vertebrate 
multiciliated cells. My data also suggest that centrins are involved in the stability of basal bodies. 
The ability to maintain stable basal bodies is likely critical for vertebrate multiciliated cells to 
perform their essential functions. However, the role for centrins at basal bodies in vertebrate 
cells is not well understood. 
Surprisingly, it appears that the basal body is more essential than the centriole and 
centrosome. This notion is supported by the fact that flies lacking centrosomes are viable, albeit 
with an increase in tumorigenesis (Basto et al., 2006). Thus, centrins’ role in basal bodies 
should be carefully studied; however, this does not mean that centrioles and centrosomes have 
an obsolete function. Some evidence has suggested that the centriole has a role in asymmetric 
division (Kaltschmidt and Brand, 2002; Rusan and Peifer, 2007; Yamashita and Fuller, 2008), 
which is key for the development of various tissues and organs (Hawkins and Garriga, 1998; 
Yamashita et al., 2003). Since centrins have a role in basal body orientation, it is possible they 
could play a role in the orientation of centrioles in the mitotic spindle to control asymmetric 
division. Studies of cultured tissue cells on plates designed specifically to initiate asymmetric 
division may be able provide key clues about centrin’s function at the centriole and centrosome. 
The next step in fully understanding centrin’s role in basal body biogenesis will require 
analyzing the function of its binding partners. Since the two centrin groups are distinct, it is 
unclear what the relationship between the two is, and if they share the same binding partners. 
To date, every centrin binding partner contains an eight residue coiled-coil sequence composed 
of LXXXLXXW (Li et al., 2006; Martinez-Sanz et al., 2010; Martinez-Sanz et al., 2006). The only 
centrin binding partners that exist at MTOCs belong to the Sfi1 family (Azimzadeh et al., 2009; 
Kilmartin, 2003; Li et al., 2006). As described previously, the Sfi1 family consists of coiled-coil 
proteins which may contain 20+ repeats that serve as centrin binding sites (Kilmartin, 2003; Li et 
al., 2006). The yeast Sfi1p has been shown to bind the human centrins 2 and 3 equally 
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(Kilmartin, 2003; Martinez-Sanz et al., 2010; Martinez-Sanz et al., 2006), and the human Poc5, 
a small protein composed of just three repeats, is able to bind both human centrins but the 
affinity for each is not known (Azimzadeh et al., 2009). This naturally raises the question, how 
do the two centrins groups bind Sfi1 proteins – do they bind the repeats at random or is there a 
specific arrangement of centrin proteins dictated by the sequence of the repeats, similar to how 
a transcription factor binds to specific DNA sequences? I favor the latter hypothesis for several 
reasons. The first hypothesis is difficult to imagine because if centrin proteins can randomly bind 
Sfi1 proteins, then it may be possible to have a Sfi1 protein containing centrins from one group 
at all of its sites. This scenario is quite unlikely because I have shown that both centrin groups 
are distinct and basal bodies require a member from each group to function properly.  
Some preliminary data on Sfi1 proteins in Tetrahymena supports the latter model. As 
mentioned in the introductory chapter, Tetrahymena contains four centrins, and Cen3 is the only 
centrin observed to localize to the apical tip (Stemm-Wolf et al., 2005), a structure of unknown 
function at the anterior end (Frankel, 2000). Tetrahymena contain 13 Sfi1-repeat proteins and 
only one localizes to the apical tip where Cen3 localizes. This makes it likely that this Sfi1 is the 
lone Cen3 binding partner and this is dictated by the sequence of the repeat that serves as the 
binding site. Furthermore, the localization of Cen1 and Cen2 differ in that only Cen1 localizes to 
the mid-zone of the basal body, making it likely that Cen1’s binding partner at the midzone is 
unlikely to bind Cen2. It is yet known if the same binding partner is observed at all of the basal 
body domains where Cen1 is. I believe that it is unlikely because Tetrahymena has such a large 
number of Sfi1 proteins that localize to basal bodies, and I hypothesize that the localization of 
specific Sfi1 proteins dictates the localization of specific centrins. It is unknown at this point what 
leads to Sfi1 localization to discrete domains within the basal body. Elucidation of this will lead 
to key discoveries of how centrins and Sfi1 proteins coordinate with each other in basal body 
function. It will also be key to determine how the mutant centrin proteins interact with Sfi1 
proteins in order to fully understand centrin’s mode of action at basal bodies. 
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The proposed mechanism for centrin (Figure 5-1) differs from that for calmodulin. Both 
the NTD and CTD of calmodulin are considered to be Ca2+ sensors (Chin and Means, 2000). 
Structural work on the NTD of Chlamydomonas centrin shows that it, not the CTD, behaves 
more like calmodulin (Sheehan et al., 2006) which is not surprising since it is expected to 
behave as a Ca2+ sensor (Veeraraghavan et al., 2002). Instead, the mechanism of centrin may 
be more like troponin C, a Ca2+-binding protein involved in Ca2+-dependent regulation of muscle 
contraction (Takeda et al., 2003). Like centrin, troponin C is composed to two domains with 
each containing a pair of EF hands (Herzberg and James, 1985). Also, like centrin, the CTD of 
troponin C has a higher affinity for Ca2+ than the NTD. Thus, Ca2+ at the CTD acts as a 
structural component whereas the NTD acts as a Ca2+ sensor. The CTD of troponin C has been 
shown to anchor the protein to the troponin complex, which regulates Ca2+-dependent muscle 
contraction, explaining the structural role of the CTD. At low Ca2+ concentrations, the NTD is 
unbound from the complex and this inhibits muscle contraction. Upon an increase in Ca2+ 
concentration, Ca2+ binds the NTD, leading it to interact with the troponin complex, activating 
muscle contraction (Takeda et al., 2003). The mechanism of centrin may be similar to troponin 
C in that the CTD serves as anchoring component to the basal body by binding to Sfi1 proteins, 
and the NTD acts as a Ca2+ sensor. It is not clear at this point what the NTD does upon Ca2+ 
binding. Perhaps it functions in contractility which could explain centrin’s roles in cilia excision 
(Sanders and Salisbury, 1994), nucleotide excision (Nishi et al., 2005), and basal body/centriole 
separation (Koblenz et al., 2003; Lutz et al., 2001; Ruiz et al., 2005). Careful studies on the 
interplay that occurs between the two domains of centrins and Sfi1 proteins will bring us much 
closer to truly understanding the functions and mechanisms of centrins and Sfi1 proteins at 
MTOCs.  
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